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ABSTRACT

Aims. We investigate the nature of the long-period radial velocity variations in ↵ Tau first reported over 20 yr ago.
Methods. We analyzed precise stellar radial velocity measurements for ↵ Tau spanning over 30 yr. An examination of the H↵ and
Ca II �8662 spectral lines, and Hipparcos photometry was also done to help discern the nature of the long-period radial velocity
variations.
Results. Our radial velocity data show that the long-period, low amplitude radial velocity variations are long-lived and coherent.
Furthermore, H↵ equivalent width measurements and Hipparcos photometry show no significant variations with this period. Another
investigation of this star established that there was no variability in the spectral line shapes with the radial velocity period. An orbital
solution results in a period of P = 628.96 ± 0.90 d, eccentricity, e = 0.10±0.05, and a radial velocity amplitude, K = 142.1±7.2 m s�1.
Evolutionary tracks yield a stellar mass of 1.13 ± 0.11 M�, which corresponds to a minimum companion mass of 6.47 ± 0.53 MJup
with an orbital semi-major axis of a = 1.46 ± 0.27 AU. After removing the orbital motion of the companion, an additional period of
⇡520 d is found in the radial velocity data, but only in some time spans. A similar period is found in the variations in the equivalent
width of H↵ and Ca II. Variations at one-third of this period are also found in the spectral line bisector measurements. The ⇠520 d
period is interpreted as the rotation modulation by stellar surface structure. Its presence, however, may not be long-lived, and it only
appears in epochs of the radial velocity data separated by ⇠10 yr. This might be due to an activity cycle.
Conclusions. The data presented here provide further evidence of a planetary companion to ↵ Tau, as well as activity-related radial
velocity variations.

Key words. stars: individual: ↵ Tu – techniques: radial velocities

1. Introduction

Low amplitude radial velocity (RV) variations with a period
of 645 days were first reported in the K giant star ↵ Tau
(=Aldebaran = HR 1457 = HD 29139 = HIP 21421) by Hatzes
& Cochran 1993 (hereafter HC93). HC93 hypothesized that

? Based in part on observations obtained at the 2-m-Alfred Jensch

Telescope at the Thüringer Landessternwarte Tautenburg and the tele-
scope facilities of McDonald Observatory.
?? Tables 3�9 are only available at the CDS via anonymous ftp to
cdsarc.u-strasbg.fr (130.79.128.5) or via
http://cdsarc.u-strasbg.fr/viz-bin/qcat?J/A+A/580/A31

one cause for these variations was a planetary companion with
m sin i = 11.4 MJup, when assuming a stellar mass of 2.5 M�.
There was some hint that these RV variations were long-lived
because measurements taken almost a decade earlier by Walker
et al. (1989) were consistent in amplitude and phase with the
measurements of HC93. A subsequent analysis of the spectral
line shapes (line bisectors) by Hatzes & Cochran (1998) showed
no evidence of variations with the 645 d RV period, although
they did find evidence of a 50 d period in the line bisectors
that they attributed to stellar oscillations. This seemed to pro-
vide further support for the presence of a planetary companion.
However, the confirmation of such a hypothesis was still in doubt
owing to the unknown intrinsic variability of K giant stars.
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Table 1. Stellar parameters of ↵ Tau.

Parameter Value
Spectral type K5III
m

V

[mag] 0.85
M

V

[mag] �0.65 ± 0.041
B � V [mag] 1.520 ± 0.005
Parallax [mas] 48.94 ± 0.77
Distance [pcs] 20.43 ± 0.32
Mass [M�] 1.13 ± 0.11
R⇤ [R�] 45.1 ± 0.1
Age [Gyr] 6.6 ± 2.4
Te↵ [K] 4055 ± 70
[Fe/H] [dex] �0.27 ± 0.05
log g [dex] 1.2 ± 0.1

that ↵ Tau did not lose significant mass loss as it evolved to its
present state, then its progenitor star on the main sequence would
have had a spectral type of ⇠F7.

3. The radial velocity data

Seven independent data sets of high precision radial velocity
data were used for our analysis. Precise RV measurements were
also made with a hydrogen–fluoride (H–F) cell as part of the
CFHT survey (hereafter the “CFHT” data set) of Walker et al.
(1989) as well as additional measurements from the Dominion
Astrophysical Observatory (hereafter “DAO” data set) using the
same technique. See Campbell & Walker (1979) and Larson
et al. (1993b) for a description of the H-F measurements. For
the remaining five RV data sets an iodine (I2) cell provided
the wavelength reference. These include the original measure-
ments using the McDonald Observatory 2.1 m telescope (here-
after “McD-2.1 m” data set) and the coude spectrograph in the
so-called “cs11” focus (hereafter “McD-CS11” data set) of the
2.7 m telescope at McDonald Observatory. We should note that
the we did not include the McDonald data that were used for
the bisector measurements of Hatzes & Cochran (1998). These
were taken using telluric lines as a wavelength reference which
had a lower precision than the iodine wavelength calibration or
H–F methods.

The latest McDonald measurements were taken using the
Tull Spectrograph at the so-called “cs23” focus (hereafter the
“McD-Tull” data set) as part of a long-term planet search pro-
gram (e.g. Cochran et al. 1997; Endl et al. 2004; Robertson et al.
2012).

Observations of ↵ Tau were made as part of the planet search
program of the Thüringer Landessternwarte Tautenburg (“TLS”
data set) and at the Bohyunsan Optical Astronomy Observatory.
The TLS program uses the high resolution coude échelle spec-
trometer of the Alfred Jensch 2 m telescope and an iodine ab-
sorption cell placed before the entrance slit of the spectrograph.
The instrument is a grism crossed-dispersed échelle spectrome-
ter that has a resolving power R (�/��) = 67 000 and wavelength
coverage 4630�7370 Å when using the so-called “Visual” grism.
A more detailed description of radial velocity measurements
from the TLS program can be found in Hatzes et al. (2005).

The BOAO measurements (“BOAO” data set) were made
with the fiber-fed Bohyunsan Observatory Échelle Spectrograph
(BOES). BOES has a wavelength coverage of 3600�10 500 Å.
The resolving power for the observations was 90 000. An iodine
absorption cell was also used to provide the wavelength refer-
ence for the precise RV measurements. See Kim et al. (2006) for

Table 2. Data sets used in the orbital solution.

Data set Coverage Tech. N O�C
(year) (m s�1)

CFHT 1980.80–1991.59 HF 29 90
DAO 1989.02–1993.65 HF 36 91

McD-2.1 m 1988.73–1992.25 I2 50 72
McD-CS11 1990.78–1992.06 I2 9 92
McD-Tull 2000.01–2013.92 I2 104 86

TLS 2003.04–2010.83 I2 103 98
BOAO 2004.68–2013.71 I2 42 72

a more detailed description of the instrument and data analysis
used for these RV measurements.

Table 2 lists the journal of observations which includes the
data set, time coverage, the wavelength reference employed, the
number of observations, and the root mean square scatter (rms)
about the orbital solution presented in Sect. 4.

Tables 3–9 list the RV measurements from the seven data
sets. Each instrument only measures a relative RV, thus each
data set has a di↵erent zero-point o↵set. In Sect. 4 the relative
zero-point o↵sets were calculated as part of the global fit to the
orbital solution. These o↵sets have been applied in the tabulated
data and the displayed measurements. ↵ Tau is a bright star and
typically multiple measurements were made each night. Nightly
averages were used in the analysis and the plots and are listed in
the tables.

The RV measurements for all data sets (with the appropriate
o↵sets applied, see below) are shown in Fig. 2. There appears to
be long-lived sinusoidal variations that span the entire data sets
and have a scatter of ⇡100 m s�1.

The bottom panel of Fig. 3 shows the Lomb-Scargle (L-S)
periodogram (Lomb 1976; Scargle 1982) of all the RV measure-
ments with the proper zero point o↵sets as found in the orbit
fitting subtracted from each data set (see below). Although each
data set has a di↵erent precision, the intrinsic RV jitter of the star
is many factors larger than these and is approximately the same
for all data sets. It is therefore not important to weight the pe-
riodogram by the di↵erent errors. There is a highly significant
peak at a period, P ⇡ 630 d. The false alarm probability (FAP) of
this signal using the equation in Scargle (1982) is FAP ⇡ 10�20.
This signal appears to be long-lived as it appears in the RV mea-
surements taken prior to 2000 (JD < 2 450 000, top panel), and
after 2000 (middle panel).

4. Orbital solutions

An orbital solution was calculated using the combined data sets
and the program Gaussfit (Je↵erys et al. 1988). The velocity zero
point for each data set was allowed to be a free parameter. These
individual zero points in the velocity were subtracted from each
data set before plotting in Fig. 2. (Tables 3–9 list the zero-point
subtracted data.)

Our initial solution resulted in a period of P = 628.07 ±
0.82 d, eccentricity, e = 0.15 ± 0.04 and a velocity ampli-
tude, K = 158.0 ± 6.5 m s�1. The referee noted that some of
the data sets (TLS and McD-Tull) had many measurements that
were clumped in some epochs. This was particularly true for the
TLS data as numerous RV measurements were taken over sev-
eral consecutive nights in order to study the stellar oscillations.
The referee expressed a valid concern that this “clumping” may
have given a higher weight when computing the orbit. This could
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Fig. 2. Radial velocity measurements for ↵ Tau from the seven data sets: CFHT (diamonds), DAO (inverted triangles), McD-2.1 m (circles),
McD-CS11 (squares), McD-Tull (sideways triangles), TLS (triangles), and BOAO (pentagons). Zero point corrections have been applied to the
individual data sets before plotting (see text). The curve represents the orbital solution (see Table 10). The vertical dash represents the peak-to-peak
variations of the stellar oscillations.
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Fig. 3. L-S periodogram of the RV measurements taken prior to JD =
2 450 000 (top), after JD = 2 450 000 (middle), and the full data set
(bottom).

have a strong e↵ect primarily on the orbital eccentricity and ve-
locity amplitude.

Therefore, we binned the RV values over individual observ-
ing runs for the TLS and McD-Tull data. This resulted in an av-
erage RV value over typically three to five nights. The orbital pa-
rameters using all the data, but the run-binned values from TLS
and McD-Tull, are listed in Table 10. These include the orbital
period, P, the time of periastron, the radial velocity (K) ampli-
tude, the eccentricity, e, the argument of periastron, !, the mass
function ( f (m)), the minimum companion mass, m sin i, and the
orbital semi-major axis, a. Note that using the run-binned av-
erages only results in a slight and insignificant decrease in the
eccentricity and K-amplitude. Figure 4 shows the RV measure-
ments phase-folded and the orbital solution.

The rms scatter about the orbital solution from the individ-
ual data sets is listed in Table 2 and is about ⇡100 m s�1 for each
set. This is mostly due to intrinsic variability from stellar oscilla-
tions. Alpha Tau shows RV variations of several hundred m s�1

peak-to-peak in the course of several nights. For example, the
RV of ↵ Tau changed by ⇡220 m s�1 between JD = 2 454 071 and
2 454 076. This time scale and amplitude are typical for oscilla-
tions in more evolved K giants (e.g. Hatzes & Cochran 1994).
Therefore, we take ⇡±100 m s�1 as the intrinsic RV “jitter” of
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Fig. 4. Radial velocity measurements for ↵ Tau from the seven data sets
phased to the orbital period. For the TLS and McD-Tull data we plot
run-binned averages that were used in the orbital solution. The solid line
is the orbital solution and the vertical line the peak-peak short term in-
trinsic RV variations observed for this star. Symbols are the same as for
Fig. 2. Error bars for individual measurements are not shown for clarity
and because the scatter is dominated by the intrinsic stellar variability.
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Fig. 5. L-S power (z) of the 629 d period as a function of the number of
data points used in the periodogram calculation (circles). The power, z,
as a function of the number of data points for simulated data (triangles).

Table 10. Orbital parameters for the companion to ↵ Tau.

Parameter Value
Period [d] 628.96 ± 0.90
Tperiastron [JD] 2 451 297.0 ± 50.0
K [m s�1] 142.1 ± 7.2
e 0.10 ± 0.05
! [deg] 287 ± 29
f (m) [M�] (1.84 ± 0.28) ⇥ 10�7

m sin i [MJup] 6.47 ± 0.53
a [AU] 1.46 ± 0.27

the star and as our “working” precision. This is shown by the
vertical lines in Figs. 2 and 4.
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Fig. 6. Hipparcos photometry phased to the 629 d orbital period.

5. The nature of the RV variations

The fact that the RV variations seem to be long-lived and coher-
ent for over 30 years strongly argues that they are indeed due to a
sub-stellar companion. However, because ↵ Tau is an evolved gi-
ant star it is prudent to examine whether the RV period is present
in other measured quantities. As noted earlier, Hatzes & Cochran
(1998) already established that there were no spectral line shape
variations with a period of ⇡645 d based on very high resolu-
tion (R = 220 000) spectral data. The spectral line shape mea-
surements thus do not support rotational modulation as a cause
for the 629 d period RV variations. Additional evidence can be
found by examining the photometry and activity indicators as
well as the stability of the RV period.

5.1. Stability of the RV variations

Although the orbital solution fits most of the RV data very well,
there are times when the measurements deviate from this so-
lution. In particular, the McD-Tull data near JD = 2 452 600
(2002�2003) show a rapid increase in the RV, but at a later phase
to the orbital solution. Also, both the McD-Tull and TLS data at
JD = 2 453 000 (2003�2004) show considerable scatter that is
not centered on the orbital solution.

One property of long-lived, coherent periodic signals is that
the L-S power, and thus statistical significance, should increase
with the number of data points. The circles in Fig. 5 show the
growth of the L-S power as a function of the number of data
points taken in chronological order. The temporary decrease in
power at N ⇡ 200 is related to the discrepant RV data in the
years 2002 to early 2004.

Triangles represent results from a simulation where the or-
bital solution was sampled in the same manner as the data and
with random noise at a level of 100 m s�1 added. The slope of
the power increase for the real data is consistent with that of a
long-lived, coherent signal.

5.2. Hipparcos photometry

The Hipparcos photometry for ↵ Tau covers the time interval
from 1990.1 to 1992.6 and is therefore contemporaneous with a
part of the RV measurements. Figure 6 shows this photometry
phased to the 629 d orbital period. Although there is consider-
able scatter in the data there are no obvious sinusoidal variations.
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Fig. 12. L-S periodograms of the residual RV data after removing the
orbital solution. The top panel is from data prior to JD = 2 450 000, the
middle panel for data afterwards, and the bottom panel for all data.
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Fig. 13. K-amplitude of the 521 d period seen in the RV residuals as a
function of time.

significance. A simulated periodic signal with P = 540 d and
K = 100 m s�1 and � = 100 m s�1 was generated and sampled
in the same way as the data. A periodogram analysis revealed
that the signal was easily detected in just the first half of the data
(z = 20) and was highly significant in the full data set (z = 60).

A visual inspection of the time series residuals also indi-
cates that the ⇠500 d variations are not long lived. There are
strong variations at JD ⇡ 2 453 000 that clearly fade away by
JD ⇡ 2 454 000. To investigate this possible amplitude varia-
tion we divided the residual RV data taken between 2002.8 and
2008.3 into four sliding subsets in time with widths of ⇠2�2.5 yr
and found the best fit K-amplitude using the 521 d period. The
K-amplitude decreases from about 200 m s�1 to 40 m s�1 in
about 3.5 yr (Fig. 13).

Although this signal is not long-lived, there are other
instances when it appears at other epochs. We divided
the RV residual data into three subset epochs: “Epoch 1”,
JD = 2 444 531�2 446 726 (1980.8�1986.8), “Epoch 2”, JD =
2 448 831�2 450 000 (1992.6�1993.6), and “Epoch 3”, JD =
2 453 253�2 454 396 (2004.7�2008.2). These three epochs
showed the largest variations in the RV residuals. A period
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Fig. 14. Residual RV variations phased using a best-fit period of 534.7 d
for three epochs: 1980.8�1986.8 (triangles), 1992.6�1993.6 (squares),
and 2004.7�2008.2 (dots). The vertical line indicates the peak-to-peak
RV variations due to the stellar oscillations.

Table 11. Periods derived from RV residuals and activity indicators.

Quantity Period (d) K (m s�1)
RV residuals: Epoch 3 521 ± 11 95 ± 10
RV residuals: Epoch 2 526 ± 82 132 ± 30
RV residuals: Epoch 1-3 534.7 ± 1.7 91.2 ± 9.0
Ca II K S-index 521 ± 10 N/A
H↵ EW 520 ± 23 N/A
H↵ FWHM 526 ± 10 N/A

search was then performed in each epoch. In Epoch 3 the
RV residuals were best fit with P = 521 ± 11 d, and a
K-amplitude of 95 ± 10 m s�1. In Epoch 2 the best fit was
with P = 526 ± 82 d, K = 132 ± 30 m s�1. The data were
too sparse in Epoch 1 for a reliable fit; however, when combin-
ing the data from all three epochs a good fit was obtained with
P = 534.7±1.7 d, and K = 91.2±9.0 m s�1. Figure 14 shows the
residual RV variations of the three epochs phased to the 534.7 d
period. Although this signal appears intermittently in the data, it
appears to phase well with other epochs.

We should note that the peak in the L-S periodogram for the
residual RVs spanning for Epoch 3, 2004.7�2008.2 (lower panel
of Fig. 9), coincides exactly with the one found in the Ca II S-
index and H↵ measurements over the same time span.

Table 11 summarizes the periods found by the analysis of the
activity indicators and the residual RV data.

6. Discussion

Our new radial velocity measurements for ↵ Tau when combined
with previous published data show that the ⇠645 d RV variations
found by HC93 are indeed long-lived and coherent. A careful
examination of the Ca II K emission, spectral line shapes and
Hipparcos photometry reveals no convincing variation with the
629 d RV period. A previous study by Hatzes & Cochran (1998)
established that there were no spectral line shape variations (line
bisectors) with the 629 d RV period. All of these support the fact
that the RV variations at this period are due to the planet hypoth-
esis first proposed by HC93.
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ABSTRACT

Our discovery of 1SWASP J093010.78+533859.5 as a probable doubly eclipsing quadruple system, containing a contact binary with
P ∼ 0.23 d and a detached binary with P ∼ 1.31 d, was announced in 2013. Subsequently, Koo and collaborators confirmed the
detached binary spectroscopically, and identified a fifth set of static spectral lines at its location, corresponding to an additional non-
eclipsing component of the system. Here we present new spectroscopic and photometric observations, allowing confirmation of the
contact binary and improved modelling of all four eclipsing components. The detached binary is found to contain components of
masses 0.837 ± 0.008 and 0.674 ± 0.007 M⊙, with radii of 0.832 ± 0.018 and 0.669 ± 0.018 R⊙ and effective temperatures of 5185+25

−20
and 4325+20

−15 K, respectively; the contact system has masses 0.86± 0.02 and 0.341± 0.011 M⊙, radii of 0.79± 0.04 and 0.52± 0.05 R⊙,
respectively, and a common effective temperature of 4700 ± 50 K. The fifth star is of similar temperature and spectral type to the
primaries in the two binaries. Long-term photometric observations indicate the presence of a spot on one component of the detached
binary, moving at an apparent rate of approximately one rotation every two years. Both binaries have consistent system velocities
around −11 to −12 km s−1, which match the average radial velocity of the fifth star; consistent distance estimates for both subsystems
of d = 78 ± 3 and d = 73 ± 4 pc are also found, and, with some further assumptions, of d = 83 ± 9 pc for the fifth star. These findings
strongly support the claim that both binaries – and very probably all five stars – are gravitationally bound in a single system. The
consistent angles of inclination found for the two binaries (88.2 ± 0.3◦and 86 ± 4◦) may also indicate that they originally formed by
fragmentation (around 9–10 Gyr ago) from a single protostellar disk, and subsequently remained in the same orbital plane.

Key words. stars: individual: 1SWASP J093010.78+533859.5 – binaries: close – binaries: eclipsing – binaries: spectroscopic

1. Introduction

During the course of a search for orbital period variations
in short-period eclipsing binary candidates in the SuperWASP
archive (Pollacco et al. 2006), described in Lohr et al. (2012,
2013b), several unusual systems of particular astronomical in-
terest were encountered. Amongst these, 1SWASP J234401.81-
-212229.1, discussed in Lohr et al. (2013a) and Koen (2014),
appears to be a triple system containing an M+M dwarf con-
tact binary. Here we explore 1SWASP J093010.78+533859.5
(hereafter J093010), an apparent quintuple system containing
two eclipsing binaries, one of only a handful of known doubly
eclipsing multiples.

Higher-order multiple systems are of value in general for
testing models of stellar formation and long-term dynamical sta-
bility. When they contain two double-lined spectroscopic and
eclipsing binaries, they provide a highly unusual opportunity
to determine the component stars’ physical parameters and so
to understand the structure and potential origins of the whole
system.

⋆ Table 1 is available in electronic form at http://www.aanda.org

2. Background

A near neighbour of J093010 (1SWASP J093012.84+533859.6,
hereafter J093012) was identified as a candidate short-period
eclipsing binary in Norton et al. (2011), and its orbital period
confirmed in Lohr et al. (2012). However, in our subsequent
more thorough search for eclipsing candidates, J093010 was
identified as exhibiting the same period and light curve shape,
but a higher mean flux and greater amplitude of flux variability;
hence, it was regarded in Lohr et al. (2013b) as the probable true
source of the observed eclipsing variation, with J093012 being a
fainter near-duplicate light curve, falling within the same photo-
metric aperture used by SuperWASP. At the location of J093012
there is a magnitude 18 source listed in the USNO-B1 catalogue,
separated from J093010 by approximately 18′′, which would not
have been detectable by SuperWASP in its own right.

The eclipsing source’s apparently significant period change,
associated with an erratic O−C diagram, had been rejected ini-
tially as the result of contamination by a nearby star (Lohr et al.
2012), but in Lohr et al. (2013b) a fuller explanation was pur-
sued. Prior to analysis, the data for J093010 and J093012 were
combined to maximize the available observations. J093010’s
light curve, folded at 19 674.574 s, then showed a typical contact
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Fig. 4. Radial velocity curves for J093010A. The primary’s measure-
ments are indicated by squares, the secondary by diamonds and the third
component by triangles. Data from Koo et al. (2014) is in fainter print
(orange and light blue in the online version of the paper) and our new
results are in bold print (red, dark blue and green). Phase-folding uses
Koo et al.’s primary minimum time of HJD 2 456 346.78443 and our op-
timum period. PHOEBE model fits are overplotted (solid black curves)
and the location of the modelled system velocity is shown by the dashed
line.

(q = 0.806 ± 0.007) and semi-amplitude of the primary’s radial
velocity curve (K1 = 99.4 ± 0.7 km s−1). The resulting radial
velocities were corrected to heliocentric values by disentangling
telluric lines observed in the region 8250–8320 Å, and are given
in Table 1. (These are very close to those found by the cross-
correlation method, but with smaller uncertainties.) Figure 4
shows our results, together with those of Koo et al.: where our
observations overlap with theirs (around phases 0.15 and 0.65)
there is close agreement in both the amplitudes and absolute val-
ues of the curves; we have also fortuitously been able to observe
the system around its secondary maximum (phase 0.75) where
Koo et al. had a gap.

Also notable is our confirmation of the third strong and near-
static component of the detached system spectra: Koo et al.’s
fifth star. Since we have obtained separate spectra for J093010A
and J093010B, we can be certain that this additional source oc-
curs at the same location on the sky as the detached eclipsing
binary, rather than being near the contact system or mid-way be-
tween the two. There is also very good reason to regard it as
part of a gravitationally bound system including the detached bi-
nary: its radial velocities (average−11.6±1.5 km s−1) are visibly
very close to the cross-over system velocity of the binary (mod-
elled as −12.3 ± 0.2 km s−1). While longer-term radial velocity
and astrometry measurements would be required to demonstrate
convincingly that the fifth star forms a triple subsystem with the
detached binary (rather than, for example, the two binaries being
more closely bound to each other), the coincidence of its spec-
trum with that of the binary in J093010A (see Fig. 1) makes this
a more plausible hierarchy.

We were also able to measure radial velocities from most
of the spectra for the candidate contact system in J093010B.
Here, splitting and shifting of the strongest lines (primarily the
Ca II triplet) was apparent from visual inspection of the spec-
tra alone (e.g. Fig. 5), confirming this system as a double-lined
spectroscopic binary also. The results from cross-correlation
(e.g. Fig. 6) again provided starting values for spectral disen-
tangling, and here we were able to disentangle the full spec-
trum as a single region, giving much smoother radial velocity
curves with much smaller uncertainties than had been achieved

Fig. 5. Extract of WHT spectra for J093010B at approximate phases
0.24, 0.66, 0.88 and 0.99 (top to bottom). The Ca II triplet of absorp-
tion lines at around 8498, 8542 and 8662 Å exhibit clear splitting and
shifting between phases.

Fig. 6. Cross-correlation plot for J093010B at phase 0.24, exhibiting
two strong peaks corresponding to the binary components (primary on
the left, secondary on the right). The two broadest calcium lines at 8542
and 8662 Å were excluded from the cross-correlation to minimize the
uncertainty in the radial velocity measurements.

by cross-correlation (Table 1). A mass ratio of 0.397±0.006 and
K1 = 105.1± 1.3 km s−1 were converged upon by disentangling;
a slightly different value of reference minimum was also implied
by the spectra: HJD 2 456 288.87687, where Koo et al.’s nearest
minimum (based on photometry) was HJD 2 456 288.87879.

Our results are shown in Fig. 7: we have managed to capture
the system around its primary maximum (phase 0.25) and on
each side of its secondary maximum (near phases 0.6 and 0.9),
giving sufficient phase coverage for decent modelling (though
further observations around phases 0.4 and 0.75 would still be
desirable). The cross-over velocity of the two curves is −11.3 ±
0.7 km s−1: very close to the detached binary system velocity and
the third component velocity in J093010A, strongly supporting
the hypothesis that the two binaries and the fifth star are gravita-
tionally bound within a quintuple system with a common motion
relative to the Sun.

The disentangled spectrum for the primary component of
J093010B was best fitted by a PHOENIX synthetic template
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Fig. 7. Radial velocity curves for J093010B, based on our WHT ob-
servations. The primary is shown with red squares and the secondary
with blue diamonds; uncertainties are generally smaller than the sym-
bol size. Phase-folding uses HJD 2 456 288.8780, found by PHOEBE
modelling of radial velocity and light curves simultaneously, and our
optimum period. The dashed line shows the location of the (modelled)
system velocity.

Fig. 8. Disentangled renormalized spectrum for primary component of
J093010B (black solid lines), with best-fitting PHOENIX synthetic
template overplotted (red dotted lines). The prominent absorption lines
are Ca II, Mg I, Fe I, Ti I and Al I.

with T = 4700 ± 50 K and log g = 4.5 (Fig. 8). The sec-
ondary component’s spectrum was of very similar shape, but
had far lower signal-to-noise ratio and so was not used to as-
sess the common temperature of the contact binary. The tem-
perature found here spectroscopically is entirely consistent with
that suggested by Koo et al.’s B−V colour for J093010B during
secondary eclipse i.e. 4680± 50 K.

The three components of J093010A were difficult to dis-
entangle convincingly owing to heavy blending of strong lines
and our rather limited phase coverage; however, a reasonably
good fit to the tertiary component was achieved, since it exhib-
ited narrower, deeper lines than the detached binary components,
presumably owing to greater rotational broadening in the latter.
Templates with T = 5100 ± 200 K and log g = 4.5 (Fig. 9)
provided the best matches, suggesting an early K spectral type
for this star. Measurements of the equivalent widths of several
distinct triplets of lines in the original spectra also indicated that
the primary’s lines were somewhat stronger than those of the
tertiary, which could imply a slightly higher temperature (and

Fig. 9. Part of disentangled renormalized spectrum for tertiary compo-
nent of J093010A (see caption to Fig. 8).

Fig. 10. SuperWASP folded light curve for J093010B, converted to
V magnitudes. The maximum magnitude is that of the quintuple sys-
tem as a whole.

mass). Spectroscopy with better phase coverage would be desir-
able in future to allow direct determination of the temperatures
of all three components in J093010A. However, we were able
to estimate temperatures for the detached binary components
from the photometry, during the modelling process described in
Sect. 4.

3.3. Light curve characteristics

Moving to the photometric results, we can compare the light
curves obtained by Koo et al. (2014) for J093010A and B sepa-
rately with the SuperWASP light curves extracted from the com-
bined light variation for the whole system. In each case, the
SuperWASP amplitudes are smaller, and the magnitudes lower,
because there is an effective third light included containing the
(maximum) contributions from the other three stars. For the con-
tact binary the SuperWASP curve (Fig. 10) is evidently the same
general shape as the BV curves (Fig. 2 in Koo et al.): the sec-
ondary eclipses are visibly flat-bottomed with the primary mini-
mum fractionally deeper than the secondary; the secondary max-
imum is also slightly lower than that of the primary, though this
effect is perhaps stronger in Koo et al.’s curves, which would
support the presence of a long-term static spot on one of the
components.
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perature found here spectroscopically is entirely consistent with
that suggested by Koo et al.’s B−V colour for J093010B during
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The three components of J093010A were difficult to dis-
entangle convincingly owing to heavy blending of strong lines
and our rather limited phase coverage; however, a reasonably
good fit to the tertiary component was achieved, since it exhib-
ited narrower, deeper lines than the detached binary components,
presumably owing to greater rotational broadening in the latter.
Templates with T = 5100 ± 200 K and log g = 4.5 (Fig. 9)
provided the best matches, suggesting an early K spectral type
for this star. Measurements of the equivalent widths of several
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the primary’s lines were somewhat stronger than those of the
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mass). Spectroscopy with better phase coverage would be desir-
able in future to allow direct determination of the temperatures
of all three components in J093010A. However, we were able
to estimate temperatures for the detached binary components
from the photometry, during the modelling process described in
Sect. 4.

3.3. Light curve characteristics

Moving to the photometric results, we can compare the light
curves obtained by Koo et al. (2014) for J093010A and B sepa-
rately with the SuperWASP light curves extracted from the com-
bined light variation for the whole system. In each case, the
SuperWASP amplitudes are smaller, and the magnitudes lower,
because there is an effective third light included containing the
(maximum) contributions from the other three stars. For the con-
tact binary the SuperWASP curve (Fig. 10) is evidently the same
general shape as the BV curves (Fig. 2 in Koo et al.): the sec-
ondary eclipses are visibly flat-bottomed with the primary mini-
mum fractionally deeper than the secondary; the secondary max-
imum is also slightly lower than that of the primary, though this
effect is perhaps stronger in Koo et al.’s curves, which would
support the presence of a long-term static spot on one of the
components.
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Fig. 11. SuperWASP folded light curve for the detached binary in
J093010A, converted to V magnitudes. The maximum magnitude is that
of the quintuple system as a whole.

Fig. 12. Koo et al. light curves for the detached binary in J093010A, in
V (top) and B (bottom), converted from differential instrumental mag-
nitudes to standard magnitudes using normalization indices provided in
Koo et al. (their Table 6).

For the detached binary light curves in J093010A (Figs. 11
and 12), the relative depths of the two eclipses are comparable in
the SuperWASP data and Koo et al.’s data, and together with the
sharp ingresses and egresses of the eclipses they support a well-
detached EA-type system. The eclipses are equally spaced and of
the same duration, indicating no significant orbital eccentricity.
The primary eclipse appears flat-bottomed while the secondary
eclipse’s shape is arguably more curved; if taken at face value
this would suggest that the secondary’s radius is (surprisingly)
greater than that of the primary. The out-of-eclipse region would
be expected to be essentially flat in an EA-type light curve, but
is not. In the SuperWASP curve, the region between phases 0.1
and 0.4 is far more scattered and noisy than the region between
phases 0.6 and 0.9; moreover, the maximum is near the primary
minimum, while it occurs just before the secondary minimum in
Koo et al.’s curves; they suggest that this latter feature results
from a moving spot on one of the components.

To explore this idea further, we split up the SuperWASP
detached binary curve by time, into three sections of contigu-
ous data covering several months. The profile of the out-of-
eclipse region clearly changed over time, with its minimum oc-
curring around phase 0.8 near HJD 2 454 510, phase 0.4 near

Fig. 13. Normalized differential PIRATE light curves for J093010 in
Baader R (red, top), G (green, middle) and B (blue, bottom) filters.

HJD 2 454 820 and phase 0.3 near HJD 2 454 870 i.e. apparently
moving negatively in phase at a rate of (very) roughly one cycle
every two years. The superposition of these three (fairly smooth)
curves produced the apparent scatter in the curve of Fig. 11. The
most plausible explanation for this moving profile would indeed
seem to be a spot on the surface of one of the detached system
components, rotating at a slightly different rate from the star as
a whole, perhaps because of differential rotation.

Finally, Fig. 13 shows the PIRATE RGB photometry ob-
tained for the whole system during one night. As predicted by
the SuperWASP ephemeris, contact binary primary minima oc-
cur around HJD 2 456 292.519 and 2 456 292.748, while the two
eclipsing systems’ secondary minima overlap in between (this
is most clearly seen in the G curve, where the detached sys-
tem secondary minimum occurs around HJD 2456292.60 and
the contact one around HJD 2 456 292.63). The second night
of our WHT spectra begins just as this photometry ends, and
covers phases ∼0.07−0.25 of the contact system, which is en-
tirely consistent with the light curve. Additional nights of pho-
tometry would be useful to establish the average shapes of the
three-colour light curves; however, we note that the three curves
have very similar shapes. The primary eclipses of J093010B
are perhaps fractionally deeper in B than R, with G interme-
diate. Similarly, Koo et al.’s standardized BV magnitudes for
J093010A indicate that the primary eclipses are deeper in B,
while the secondary eclipses are deeper in V i.e. the primary is
hotter than the average of J093010A’s three components, while
the secondary is cooler.

3.4. Flux contributions

We can make further estimates of the relative flux contribu-
tions of the five stars from the photometry and spectroscopy.
Starting with the SuperWASP light curves in SuperWASP flux
units, if we assume that J093010A and J093010B’s angles of
inclination are close to 90◦ (since both systems contain flat-
bottomed eclipses supporting near-totality), the depth of each
component’s eclipse gives a minimum value for its flux contri-
bution (J093010A primary: 38, secondary: 15; J093010B pri-
mary: 25, secondary: 23). Adding these four fluxes and sub-
tracting them from the total flux (160) when no component is
eclipsed gives us a maximum flux estimate for the fifth compo-
nent (59). These values would suggest that the tertiary makes up
at most 53% of the flux in J093010A (in V), and the primary and
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Fig. 23. Mass-radius diagram for binary components of J093010, com-
pared with Dartmouth model isochrones for solar metallicity (dotted
lines, corresponding to 1, 8, 9, 10 and 14 Gyr from bottom to top),
and with empirical masses and radii for collected detached (red dia-
monds) and contact (blue triangles) eclipsing binary components. The
binary components of J093010A are indicated by larger bold-face red
diamonds, and those of J093010B by larger bold-face blue triangles.

An optimal average age of 10.3 ± 0.7 Gyr is indicated by this
method. Then, plotting masses against radii, both components
are consistent with solar metallicity isochrones between around
8 and 10 Gyr (Fig. 23); this implies an optimal average age of
9.2 ± 1.0 Gyr.

Figure 23 also shows that J093010A’s binary components be-
have very similarly to Torres et al.’s collection of low-mass stars
in detached eclipsing binaries with well-determined parameters
(2010). The components of J093010B, however, do not sit on
a single isochrone, presumably because of their interaction in
contact: the primary has a smaller radius than its mass would
imply, assuming an age of 9 or 10 Gyr, while the secondary’s
radius is much greater (and is inconsistent with any possible
isochrone). Comparison with the parameters of short-period con-
tact binary components collected by Stepień & Gazeas (2012),
supplemented by two determined in Lohr et al. (2014a), suggests
that this behaviour is entirely normal for systems of this configu-
ration: all the secondaries (those with masses below 0.7 M⊙) lie
in this region of the mass-radius diagram, with clearly inflated
radii, while the primaries in most cases have radii consistent with
or even smaller than those expected from normal stellar evolu-
tion models.

5. Conclusion

After our initial discovery of J093010 as a probable dou-
bly eclipsing quadruple system, and Koo et al.’s follow-up
observations which confirmed J093010A as a double-lined
spectroscopic binary and revealed the presence of a possible
fifth component, we have carried out further spectroscopic
and photometric observations of the whole system. We have

confirmed J093010B as a double-lined spectroscopic binary
also, and confirmed the association on the sky of the fifth compo-
nent within J093010A. Radial velocities were measured for the
first time for J093010B, allowing a more reliable determination
of its mass ratio; the effective temperature of its primary, and of
the assumed tertiary in J093010A, were also estimated from their
disentangled individual spectra. Reanalysed SuperWASP pho-
tometry indicated the presence of a moving spot on one compo-
nent of the binary in J093010A, with an apparent speed relative
to its host star of approximately one rotation every two years.

After modelling both eclipsing systems we have obtained
parameters for them which agree with those of Koo et al. in
some areas, but disagree in several others, owing to different
modelling approaches and available data. Specifically, we find
a greater mass ratio for J093010B on the basis of our new spec-
troscopic data, and different radii for the binary components of
J093010A as a result of our use of the total-annular eclipses in
its light curves, which also allowed direct calculation of the third
light contributed by the tertiary. Both binaries probably possess
at least one large spot, though further observations would be re-
quired to constrain any spot properties plausibly.

On the basis of our temperature estimates from the disen-
tangled component spectra, and from modelling, consistent dis-
tances for both binaries of 73 and 78 pc are found. The fifth
non-eclipsing star appears to have a temperature and spectrum
similar to those of the primaries in the two eclipsing binaries; a
consistent distance is also found for it if it is assumed to be a typ-
ical main-sequence star. The system velocities of both binaries,
and the average radial velocity of the fifth star, are all around
−11 to −12 km s−1. These findings strongly support the claim
that both binaries, and very probably all five stars are gravita-
tionally bound in a single system. The consistent angles of in-
clination of the two binary systems also imply likely formation
by fragmentation from a single protostellar disk, without sub-
sequent significant disruption to their orbital plane. The age of
the system is around 9–10 Gyr, and it has approximately solar
metallicity.

This bright, close, highly unusual star system, containing a
very short-period contact eclipsing binary, and a triple system
including a low-mass detached eclipsing binary, would doubtless
repay further investigation.
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ABSTRACT

We report the discovery of a new totally eclipsing binary (R.A. = 06 40 29 11h m s ; decl. = +38°56′52″2; J = 2000.0;
Rmax = 17.2 mag) with an sdO primary and a strongly irradiated red dwarf companion. It has an orbital period of
Porb = 0.187284394(11) day and an optical eclipse depth in excess of 5 mag. We obtained 2 low-resolution
classification spectra with GTC/OSIRIS and 10 medium-resolution spectra with WHT/ISIS to constrain the
properties of the binary members. The spectra are dominated by H Balmer and He II absorption lines from the sdO
star, and phase-dependent emission lines from the irradiated companion. A combined spectroscopic and light curve
analysis implies a hot subdwarf temperature of Teff(spec) = 55,000 ± 3000 K, surface gravity of log g
(phot)=6.2±0.04 (cgs), and a He abundance of n nlog( He H) 2.24 0.40= - o . The hot sdO star irradiates the
red dwarf companion, heating its substellar point to about 22,500 K. Surface parameters for the companion are
difficult to constrain from the currently available data: the most remarkable features are the strong H Balmer and
C II-III lines in emission. Radial velocity estimates are consistent with the sdO+dM classification. The photometric
data do not show any indication of sdO pulsations with amplitudes greater than 7 mmag, and Hα-filter images do
not provide evidence for the presence of a planetary nebula associated with the sdO star.

Key words: binaries: eclipsing – stars: fundamental parameters – stars: low-mass – subdwarfs

1. INTRODUCTION

Hot subdwarf stars are located between the upper main
sequence and the WD sequence in the Hertzsprung–Russell
diagram. They are evolved, core helium burning, low-mass
stars (M ≈ 0.5Me) with very thin hydrogen envelopes
(Heber 2009). Among hot subdwarfs, sdO stars
(Teff>38,000 K) represent a significantly smaller fraction
than sdBs (Teff<35,000 K). Spectroscopically, sdO stars show
a large variety: the two main groups are the H-rich (sdO) and
He-rich (He-sdO) stars. Stroeer et al. (2007) showed that a
strong correlation exists among surface temperature, He, and C,
N abundances in He-sdO stars.

Canonical stellar evolution theory predicts that sdO stars
evolve from sdB stars. While binarity is quite frequent among
sdBs, with a binary fraction of about 50% (Maxted et al. 2001;
Napiwotzki et al. 2004), the fraction of binary He-sdOs is very
low (Kawka et al. 2015). Many sdO binaries are associated
with a planetary nebula (PN), like UU Sge, V477 Lyr, and BE
UMa (Pollacco & Bell 1994; Pollacco et al. 1994; Afşar &
İbanoğlu 2008). The sdO stars in these binaries are hotter and
more massive in the immediate post giant branch stage.
Binaries with compact sdO stars evolve from sdB binaries and
the ∼120Myr sdB lifetime is long enough for their PNs to
attenuate and become hardly detectable (Aller et al. 2015).

Han et al. (2002, 2003) performed binary population
syntheses and identified several evolutionary channels that
lead to the formation of hot subdwarf stars. In close binaries
that evolve through one or more common envelope (CE)
phases (Paczynski 1976), the secondary is engulfed by the

atmosphere of the primary while it is on the red giant branch.
As the secondary spirals inward due to tidal friction, the red
giant loses mass. By the end of the CE phase, the primary loses
most of its envelope and the binary orbital period shrinks to a
few hours. If the core gained enough mass for He ignition
during the preceding evolution, then the primary experiences a
He-flash and settles on the extreme horizontal branch. In case
the core mass is insufficient for He burning, the primary
evolves as a low-mass pre-WD. In both cases, the CE is ejected
during the final stage of CE evolution and a very close binary
remains (Taam & Ricker 2006). While this theory can explain
the mass loss required for the formation of hot subdwarfs, it
also requires precise timing between mass loss and the core
helium flash. Eclipsing hot subdwarf binaries with irradiated
companions can provide insight into the details of these
processes, making such binaries fundamental to understand CE
evolution.
Here, we report the discovery of a new eclipsing binary with

an sdO primary and a strongly irradiated red dwarf companion.
After describing the observations, we discuss the spectral
modeling and determination of the stellar and orbital
parameters from the spectroscopic and light curve analysis.

2. OBSERVATIONS

Konkoly J064029.1+385652.2 (R.A. = 06 40 29 11h m s ;
decl. = +38°56′52″2; J = 2000.0; Rmax = 17.2 mag; hereafter
J0640+3856) was discovered serendipitously during regular
astrometric observations of minor planets. In one of the images,
the object completely disappeared, suggesting a sudden deep
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well-known WD with an extreme eclipse depth (Haefner
et al. 2004). With photometric and spectroscopic follow-up, we
constrained the atmospheric properties of the components and
the binary orbit. Although the specific spectral features and the
effective temperature (Teff1 = 55,000 K) classify the primary
component as an sdO star, the surface gravity is at the upper
limit of sdOs (log g = 6.2 cgs) and the radius (R = 0.096 Re)
is smaller than for normal sdO stars. These parameters place the
primary component in a special position, suggesting that the
sdO star is a pre-WD, similar to BE UMa which is classified as
a borderline object between sdO subdwarfs and DAO WDs
(Ferguson et al. 1999). The non-detection of a PN around
J0640+3856 also supports the evolved hot subdwarf (post-sdB)
scenario.

We have constructed a simple model to reproduce the
spectral contribution of the irradiated companion. Although this
model is optimized for the substellar point, it represents the day
side of the companion well, suggesting that the strong
irradiation heats up the entire inner hemisphere
homogeneously.

Our results suggests that the secondary component may be
inflated by only a few percent, as in the cases of similar close
binaries (Afşar & İbanoğlu 2008). We estimate that the
substellar point of the red dwarf is heated to about 22,500 K.
The heat transport of these inflated stars is ineffective, and so
the large temperature difference between the day and night
sides is preserved over long timescales (Ritter et al. 2000).

We conclude that the most probable companion spectral type
is mid-M. A later-type or more compact companion would be
unable to reproduce the eclipses while an earlier-type and more
massive companion would be inconsistent with the radial
velocity curve.

The biggest advantage of J0640+3856 is that it is a double-
lined spectroscopic binary. Spectroscopic observations cover-
ing the full orbital cycle will yield more precise parameters
(especially masses) for the components, as well as an
opportunity to monitor and analyze the changing features in
the spectra caused by the reflection effect.

The J0640+3856 system is a good analog to study
interactions in planetary systems with hot Jupiters. Both the
illumination effect in the primary minima and the thermal

radiation and reflected light disappearance and reappearance in
the secondary minimum are similar, as is the luminosity ratio.
The newly discovered J0640+3856 is a unique laboratory in

several aspects and opens opportunities to take further steps
toward understanding the evolutionary history of post-CE
binaries.
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scaling with orbital phase according to F F 0.43 sindM sd
2~

( )p j . The TLUSTY model provides the temperature structure of
the irradiated companion. The temperature decreases steeply
inward, reaches a minimum, and progressively increases again.
The minimum temperature is T = 22,500 K at optical depth τ ≈
0.6, which we associate with the photospheric effective
temperature of the substellar point. The parameters derived
from the spectroscopic modeling are listed in Table 2 and
suggest an sdO+dM binary.

Next, we shifted the components in velocity space to
reproduce the phase-dependent composite spectra. Figure 3
shows the best fits for the 10 WHT blue arm observations.
These fits show that all H line profiles are contaminated by the
emission lines from the companion and the relative strength of
this contamination increases toward the Balmer series limit.
The inverted temperature structure of the companion results in
high excitation lines compared to the photospheric temperature.
Such emission lines of C III and Si III have been observed from
the irradiated companion in other systems (e.g., V477 Lyr, AA
Dor). Therefore, an He II 4686 Å emission line may be
expected as well. However, this line forms between very high
lying levels in the He ion, and at the low He abundance of
J0640+3856 we did not find any contribution. The fact that the
He II 4686 Å line forms exclusively in the sdO star allowed us
to measure its radial velocity. The C II 4267 Å line and the C III

blend near 4650 and 4070 Å are in emission and come from the
irradiated companion. Based on a selection of these lines, we
could also estimate the radial velocity of the companion.

4.2. Radial Velocity and Stellar Masses

Even though precision radial velocity measurements would
require high-dispersion and higher-S/N spectra, we attempted
to estimate radial velocities from the WHT/ISIS spectra
because the amplitudes place a useful constraint on the mass
ratio. First, we checked the dispersion correction, which was
based on 150 lines of the CuAr and CuNe calibration lamps,
and tested the stability of the Ca II K line. This line forms
mostly in the interstellar medium, and therefore its radial
velocity can be used to check dispersion offsets. We found the
K line to be consistent in all of our spectra, but systematically
offset by 40 km s−1. Most of this offset can be explained with
by barycentric velocity correction vBC = −26.5 km s−1 during
the observations. The interstellar extinction toward J0640

+3856 is E(B − V) = 0.124 ± 0.005 (Schlafly &
Finkbeiner 2011), and therefore we associate the remaining
radial velocity shift of the Ca II K line with the relative velocity
of the interstellar material with respect to the Solar System. We
performed two independent experiments to measure velocities
and limited our measurements to the He II 4686 Å line for the
sdO and to the C III blend between 4647 and 4652 Å for the dM
companion as these are the strongest undistorted features in the
spectra.
In the first method, we combined each consecutive spectrum,

such as those at 0.622j = and 0.673, to obtain the one at
0.647 in Figure 3, and applied a Savitzky–Golay filter
(Savitzky & Golay 1964). Then, we measured the S/N of
each of these combined spectra. Next, we determined the radial
velocity with an iterative chi-square minimization cross-
correlation procedure. We decided to use the preceding
spectrum as a self-template to reduce systematic effects in the
chi-square method. For each observed spectrum, we performed
100 radial velocity measurements to obtain a mean value and
standard deviation. We resampled the spectra according to the
S/N before each individual measurement.
The second method was based on visual inspection. This

allowed us to compare the observations to synthetic spectra
directly and derive absolute radial velocities.
We found a good match between the two methods for the

sdO star. However, for the dM companion, we found that the
cross-correlation method underestimated the radial velocity by
about 40%. The most plausible reason for this is orbital
smearing which makes the spectral lines considerably shal-
lower and broader, while the decreasing contribution of the
companion also makes the last data points less reliable.
Similarly, for the sdO star, the last data points show a
decreasing radial velocity in conflict with the photometric
orbital period. We attributed these inconsistencies to a lower
data quality and disregarded the last three spectra in the radial
velocity measurement. The symmetric appearance of the
reflection effect and secondary minimum suggest a circular
orbit and a corotating companion. Assuming synchronized
rotation, we found a projected rotational velocity of
vrot sin i = 49.2 km s−1 using R2 = 0.2 Re from the light curve
solution (see Section 5). As the center of mass of the
companion does not coincide with its center of light, we
needed to correct the radial velocity with the projected

Figure 2. Spectral decomposition of the WHT/ISIS spectrum at ϕ = 0.647. The spectral features can be described with the superposition of a 55,000 K sdO star and an
irradiated dM companion heated to ∼22,500 K.
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ABSTRACT

Classical Cepheids are key probes of both stellar astrophysics and cosmology as standard candles and pulsating variable stars. It is
important to understand Cepheids in unprecedented detail in preparation for upcoming Gaia, James Webb Space Telescope (JWST)
and extremely-large telescope observations. Cepheid eclipsing binary stars are ideal tools for achieving this goal, however there
are currently only three known systems. One of those systems, OGLE-LMC-CEP1812, raises new questions about the evolution
of classical Cepheids because of an apparent age discrepancy between the Cepheid and its red giant companion. We show that the
Cepheid component is actually the product of a stellar merger of two main sequence stars that has since evolved across the Hertzsprung
gap of the HR diagram. This post-merger product appears younger than the companion, hence the apparent age discrepancy is resolved.
We discuss this idea and consequences for understanding Cepheid evolution.

Key words. binaries: eclipsing – stars: evolution – stars: variables: Cepheids – stars: late-type

1. Introduction

Classical Cepheids have been crucial for the understanding of
stellar astrophysics and cosmology since the discovery of the
Cepheid Leavitt law more than a century ago (Leavitt 1908).
They have been used to measure the Hubble constant (Hubble
1929; Riess et al. 2011; Freedman et al. 2012) to a precision of
2% as well as to constrain the detailed physics of stellar struc-
ture and evolution (e.g., Bono et al. 2000), yet there are still a
number of mysteries regarding these stars.

One such challenge is the detailed calibration of the Cepheid
Leavitt law, i.e., the period-luminosity (PL) relation. In the
forthcoming era of the James Webb Space Telescope, it is ex-
pected that we will be able to measure the Hubble constant
to less than 1% precision (Freedman & Madore 2010), but
this requires measurements of Cepheid fundamental parame-
ters to unprecedented accuracy along with independent mea-
surements of Cepheid distances. The Gaia satellite is currently
operating and will measure distances to thousands of Galactic
Cepheids (Windmark et al. 2011), which will complement Large
Magellanic Cloud (LMC) Cepheids for which distances are
known.

One enduring uncertainty is the decades-old Cepheid mass
discrepancy (Cox 1980), in which Cepheid masses measured us-
ing stellar evolution and pulsation calculations differ by about
10–20% (Keller 2008). Bono et al. (2006) suggested four possi-
ble resolutions to this discrepancy: changes in the radiative opac-
ities, rotation, convective core overshooting in main-sequence
progenitors and stellar mass loss. Neilson et al. (2011) showed
that pulsation-driven mass loss can partly explain the mass dis-
crepancy, while Anderson et al. (2014) proposed rotation as an
alternative solution. Convective core overshooting has also been

shown to resolve the mass discrepancy (Cassisi & Salaris 2011).
The solution to the mass discrepancy might simply be a combi-
nation of all three and understanding which physical processes
are important will constrain both evolution and pulsation mod-
els. However, an ideal method to constrain the Cepheid mass
discrepancy is to measure Cepheid masses independently.

Cepheid distances and masses can be measured in eclipsing
binary systems. Evans et al. (2005) suggested that about 35%
of all Galactic Cepheids are in spectroscopic binary systems,
but none are known to be in eclipsing binary systems. Evans
et al. (2013) presented a catalogue of binary companions de-
tected using ultraviolet spectral observations, where the com-
panions are all about 2 M⊙, inferring a larger binary fraction
of 60%. Evans et al. (2015) report radial velocity measurements
which further refine the measured binary fraction of Cepheids,
noting that what has been measured is a minimum possible bi-
nary fraction. Neilson et al. (2015) show that a binary fraction
of about 60% is consistent with the observed binary fraction
of main-sequence B-type stars from Kouwenhoven & de Grijs
(2008).

Three eclipsing binary Cepheids have been discovered in
the LMC (Soszynski et al. 2008). These eclipsing binary sys-
tems provide unique mass and distance estimates that can be
compared to estimates using Cepheid evolution and pulsation
models. These help to resolve the Cepheid mass discrepancy and
constrain the PL relation in greater detail.

Pietrzyński et al. (2010) presented detailed observations of
one such eclipsing binary, OGLE-LMC-CEP0227 (CEP0227),
with a 310-day orbit and a mass ratio between the components
of q = 1.00± 0.01. One binary component is a classical Cepheid
and the companion is a red giant star. The authors measured a
Cepheid mass M = 4.14 ± 0.05 M⊙ which is consistent with
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stellar pulsation estimates. Cassisi & Salaris (2011) compared
the observed fundamental parameters with stellar evolution cal-
culations and found that evolutionary models agree with mea-
sured parameters if one assumes moderate convective core over-
shooting, a result confirmed by other studies (Neilson & Langer
2012; Prada Moroni et al. 2012). Pilecki et al. (2013) analyzed
the binary light curve in greater detail to measure the projection
factor, which is crucial for using the Baade–Wesselink method
to measure distances (Baade 1926; Storm et al. 2011a,b; Ngeow
et al. 2012; Neilson et al. 2012c). This specific eclipsing binary
system constrains both the Cepheid mass discrepancy and the
calibration of the distance scale.

Gieren et al. (2014) presented new observations of another
eclipsing binary OGLE-LMC-CEP1718, which appears to be
composed of two equal mass Cepheids both pulsating in the first
overtone. That system has an orbital period of 413 days, but ob-
servations are limited and do not independently constrain each
star’s radius and mass, making conclusions about their evolution
difficult. This system appears similar to CEP0227.

While analysis of CEP0227 helps resolve problems, the bi-
nary system OGLE-LMC-CEP1812 (CEP1812) appears to cre-
ate problems. Pietrzyński et al. (2011) measured the masses and
radii of the two stars in a 551-day orbit, but found that the
Cepheid appears to be about 100 Myr younger than its red gi-
ant companion. This result raises questions about the evolution
of this binary system. While the binary CEP0227 is consistent
with stellar evolution calculations, the binary CEP1812 is not,
even though the Cepheid mass is consistent with pulsation calcu-
lations. Pietrzyński et al. (2011) hypothesized that the Cepheid
captured the red giant companion into a binary orbit at some
point during its evolution.

In this article, we hypothesize that the Cepheid star in the
system CEP1812 evolved from the merger of two main-sequence
stars. We discuss our stellar evolution code and models in Sect. 2
and present measurements of the age difference between the two
stars in the systems using those models in Sect. 3. In Sect. 4, we
compute stellar evolution models with changing mass consistent
with our merger scenario and show that our hypothesis resolves
the age discrepancy. In Sect. 5 we discuss the implications of a
stellar merger scenario for understanding Cepheid binaries and
Cepheid structure and evolution.

2. Stellar evolution models

We computed stellar evolution models using the Yoon & Langer
(2005) code. This code has been used to study massive star
evolution, supernova progenitors and gamma-ray bursts (e.g.
Cantiello et al. 2009; Brott et al. 2011). We also used this
code to explore the evolution of classical Cepheids (Neilson
et al. 2012a,b; Neilson 2014). Models were computed assum-
ing moderate convective core overshooting, consistent with that
measured for the LMC binary Cepheid OGLE-LMC-CEP0227
(Cassisi & Salaris 2011; Neilson & Langer 2012; Prada Moroni
et al. 2012). In this case, we write the convective core over-
shooting efficiency as 0.2HP, which is a fraction of the pressure
scale height (Brott et al. 2011). Convective core overshooting
during main-sequence evolution acts to create a more massive
helium core, leading to a more luminous giant star. It also acts
to prolong main-sequence evolution and changes the measured
ages of post-main-sequence stars. The models included the de
Jager et al. (1988) mass-loss prescription for cool stars and the
Kudritzki et al. (1989) recipe for hot stars. We did not assume en-
hanced mass loss during the Cepheid stage of evolution (Neilson
et al. 2012a,b). The models assume a composition based on the
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Fig. 1. Hertzsprung-Russell diagram showing stellar evolution models
with initial masses M1 = 3.8 M⊙ (gray) and M1 = 2.7 M⊙ (black) along
with regions consistent with the radius of the Cepheid, RCepheid = 17.4±
0.9 R⊙ (blue) and that of the red giant companion, RRG = 12.1 ± 2.3 R⊙
(red).

Grevesse & Sauval (1998) solar abundances scaled to the stan-
dard LMC metallicity Z = 0.008 along with an initial helium
abundance Y = 0.256 (Brott et al. 2011).

Stellar evolution models are constrained by the measured
mass and radius of each component of OGLE-LMC-CEP1812.
The Cepheid has mass M = 3.74 ± 0.06 M⊙ and radius R =
17.4 ± 0.9 R⊙, while the red giant companion has mass MRG =
2.64 ± 0.4 M⊙ and radius RRG = 12.1 ± 2.3 R⊙. Unfortunately,
Pietrzyński et al. (2011) did not measure the effective temper-
ature of either star, so we have fewer constraints for CEP1812
than for CEP0227 (e.g. Cassisi & Salaris 2011).

Given the masses and radii of the two stars in the binary sys-
tem, we computed stellar evolution models with initial masses,
M1 = 3.8 and M2 = 2.7 M⊙. The stellar evolution tracks are
plotted in Fig. 1 along with the regions of the Hertzsprung-
Russell diagram consistent with the measured radii. Stellar evo-
lution models appear to fit the measured stellar masses and radii.
However, the models suggest that the Cepheid has an age of
about 175 Myr while the red giant star’s age is between 420
and 450 Myr. Pietrzyński et al. (2011) noted that the stellar ages
are approximately 190 Myr and 369 Myr for the Cepheid and
red giant, respectively, based on stellar evolution tracks from
Pietrinferni et al. (2004). These model age differences are due
to different amounts of convective core overshooting assumed
in the models. Including overshooting in stellar evolution mod-
els lengthens the main-sequence lifetime and the greater the
amount of overshooting the longer the main-sequence lifetime.
Regardless of which models are considered, there is a signifi-
cant age difference. Pietrzyński et al. (2011) suggested the bi-
nary system may have formed by stellar capture. We suggest
an alternative hypothesis: the apparently younger Cepheid is a
stellar merger product between two main-sequence stars in what
was originally a triple system that has since evolved across the
Hertzsprung gap.

The evolution of the Cepheid in the binary system is also
notable because the star appears to be crossing the instability
strip for the first time. This phase of evolution is short, about
105 years for stars with mass of about 3–4 M⊙. As such, the num-
ber of first-crossing Cepheids relative to the number of Cepheids
evolving on the blue loop is small, typically about a few percent
(Neilson et al. 2012b). This fact makes CEP1812 more special
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the observed fundamental parameters with stellar evolution cal-
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lations. Pietrzyński et al. (2011) hypothesized that the Cepheid
captured the red giant companion into a binary orbit at some
point during its evolution.

In this article, we hypothesize that the Cepheid star in the
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and present measurements of the age difference between the two
stars in the systems using those models in Sect. 3. In Sect. 4, we
compute stellar evolution models with changing mass consistent
with our merger scenario and show that our hypothesis resolves
the age discrepancy. In Sect. 5 we discuss the implications of a
stellar merger scenario for understanding Cepheid binaries and
Cepheid structure and evolution.

2. Stellar evolution models

We computed stellar evolution models using the Yoon & Langer
(2005) code. This code has been used to study massive star
evolution, supernova progenitors and gamma-ray bursts (e.g.
Cantiello et al. 2009; Brott et al. 2011). We also used this
code to explore the evolution of classical Cepheids (Neilson
et al. 2012a,b; Neilson 2014). Models were computed assum-
ing moderate convective core overshooting, consistent with that
measured for the LMC binary Cepheid OGLE-LMC-CEP0227
(Cassisi & Salaris 2011; Neilson & Langer 2012; Prada Moroni
et al. 2012). In this case, we write the convective core over-
shooting efficiency as 0.2HP, which is a fraction of the pressure
scale height (Brott et al. 2011). Convective core overshooting
during main-sequence evolution acts to create a more massive
helium core, leading to a more luminous giant star. It also acts
to prolong main-sequence evolution and changes the measured
ages of post-main-sequence stars. The models included the de
Jager et al. (1988) mass-loss prescription for cool stars and the
Kudritzki et al. (1989) recipe for hot stars. We did not assume en-
hanced mass loss during the Cepheid stage of evolution (Neilson
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dard LMC metallicity Z = 0.008 along with an initial helium
abundance Y = 0.256 (Brott et al. 2011).

Stellar evolution models are constrained by the measured
mass and radius of each component of OGLE-LMC-CEP1812.
The Cepheid has mass M = 3.74 ± 0.06 M⊙ and radius R =
17.4 ± 0.9 R⊙, while the red giant companion has mass MRG =
2.64 ± 0.4 M⊙ and radius RRG = 12.1 ± 2.3 R⊙. Unfortunately,
Pietrzyński et al. (2011) did not measure the effective temper-
ature of either star, so we have fewer constraints for CEP1812
than for CEP0227 (e.g. Cassisi & Salaris 2011).

Given the masses and radii of the two stars in the binary sys-
tem, we computed stellar evolution models with initial masses,
M1 = 3.8 and M2 = 2.7 M⊙. The stellar evolution tracks are
plotted in Fig. 1 along with the regions of the Hertzsprung-
Russell diagram consistent with the measured radii. Stellar evo-
lution models appear to fit the measured stellar masses and radii.
However, the models suggest that the Cepheid has an age of
about 175 Myr while the red giant star’s age is between 420
and 450 Myr. Pietrzyński et al. (2011) noted that the stellar ages
are approximately 190 Myr and 369 Myr for the Cepheid and
red giant, respectively, based on stellar evolution tracks from
Pietrinferni et al. (2004). These model age differences are due
to different amounts of convective core overshooting assumed
in the models. Including overshooting in stellar evolution mod-
els lengthens the main-sequence lifetime and the greater the
amount of overshooting the longer the main-sequence lifetime.
Regardless of which models are considered, there is a signifi-
cant age difference. Pietrzyński et al. (2011) suggested the bi-
nary system may have formed by stellar capture. We suggest
an alternative hypothesis: the apparently younger Cepheid is a
stellar merger product between two main-sequence stars in what
was originally a triple system that has since evolved across the
Hertzsprung gap.

The evolution of the Cepheid in the binary system is also
notable because the star appears to be crossing the instability
strip for the first time. This phase of evolution is short, about
105 years for stars with mass of about 3–4 M⊙. As such, the num-
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Fig. 2. Left: stellar radii as a function of age for stellar evolution models with initial mass M1 = 3.8 (gray) and M2 = 2.7 M⊙ (black), along with
stellar merger models with progenitor initial masses 2.1 (violet), 2.2 (orange), 2.3 (blue), 2.4 (pink) and 2.5 M⊙ (brown). The blue and red colored
regions represent the measured Cepheid and red giant companion radii, respectively. Right: a closer view of the stellar radius as a function age
consistent with the current age of the red giant.

as a target for understanding stellar evolution and the transition
from the main sequence to the red giant branch.

3. Merger models

Stellar mergers appear across the HR diagram, from the for-
mation of blue straggler and sdB/O stars (Mateo et al. 1990;
Schneider et al. 2014), many massive stars (de Mink et al.
2013), cool R and J stars (Izzard et al. 2007; Zhang & Jeffery
2013), R Coronae Borealis stars (Clayton 2013) and anomalous
Cepheids (Bono et al. 1997). The coalescence of binary com-
panions can occur via orbital disruptions by third bodies (Kozai
1962; Perets & Kratter 2012) or through tidal interactions and
Roche Lobe overflow (e.g. Hut 1981). Stellar mergers occurring
during main-sequence evolution quickly settle and evolve in the
same manner as a main-sequence star formed with mass similar
to the sum of the merger progenitors (Glebbeek et al. 2013). This
merger rejuvenates the star, making it appear younger, which
is consistent with the observed age discrepancy between the
Cepheid and its red giant companion in CEP1812.

We propose that the Cepheid component of the eclipsing
binary system CEP1812 is the result of a merger between two
lower mass main-sequence stars that have evolved to become a
Cepheid. This progenitor system would have been a hierarchical
triple system in which the red giant was originally the most mas-
sive star. Because of its eccentric orbit (currently about 0.13), the
outer star (now the red giant) would have induced Kozai oscil-
lations decreasing the orbital separation between the two lower
mass stars until tides and Roche lobe overflow dominate the evo-
lution. The two stars then coalesced rapidly to form a 3.8 M⊙ star
that appears significantly younger than its companion.

This hypothesis is tested by computing a stellar evolution
model with mass M1 and adding mass (3.8 M⊙ −M1) after about
310–330 million years of evolution. At this age, both stars are
evolving on the main sequence. The mass is accreted over a
short timescale (relative to the main-sequence lifetime of about
10 Myr). The main effect of accreting mass is to increase the
convective core mass of the star by mixing additional hydrogen,
hence, rejuvenating the star. To first order, this mixing is inde-
pendent of the merging timescale and given the masses we con-
sider, additional mixing effects are not as important (Glebbeek
et al. 2013). The merged star then evolves to the end of red gi-
ant evolution beyond the first crossing of the Cepheid instability
strip where Cepheid is observed to be. The initial model is

assumed to have mass greater than the accreted companion, i.e.
M1 > 3.8 M⊙−M1, and the donor and accretor have the same sur-
face chemical composition. This is a simplistic calculation that
ignores mass lost from the system, which is ≈0.1 M⊙ (Glebbeek
& Pols 2008), and ignores issues related to mixing caused by ac-
cretion. The test is sufficient, however, to understand whether a
stellar merger resolves the age discrepancy.

We plot the stellar radius as a function of age in Fig. 2.
This plot demonstrates the age discrepancy between the 3.8 M⊙
Cepheid and its 2.7 M⊙ red giant companion. We also plot stellar
merger models with progenitor initial masses 2.1, 2.2, 2.3, 2.4,
and 2.5 M⊙, which each accrete mass until they reach 3.8 M⊙ and
then evolve normally. Those stellar evolution models are rejuve-
nated and do not cross the Hertzsprung gap until they are much
older than the main-sequence lifetime of stars with that initial
mass. The merger models all have a radius consistent with that
of the Cepheid at approximately the same age as the red giant
star, implying that CEP1812 is the result of a stellar merger that
occurred early in the main-sequence evolution of a hierarchical
triple system. However, this solution is not unique, other stellar
mass combinations are possible depending on when they merge.

4. Discussion

There exists a specific class of Cepheids that appear to
have evolved from main-sequence stellar mergers: anomalous
Cepheids (Bono et al. 1997). They are typically found in older
stellar populations in close proximity to RR Lyrae and horizon-
tal branch stars, primarily in dwarf spheroidal satellite galax-
ies (e.g. Mateo et al. 1995; Kinemuchi et al. 2008). These stars
pulsate with periods ranging from about 0.3 to about 2.5 days
and LMC anomalous Cepheids have a predicted average mass
MAC = 1.2± 0.2 M⊙ (Fiorentino & Monelli 2012). Their masses
tend to be smaller than that of LMC Cepheids and there is a small
overlap for the longest-period anomalous Cepheid and shortest-
period classical Cepheids. Because of these properties, Sills et al.
(2009) suggested they are the merger product between two low-
mass main-sequence stars that have evolved across the Cepheid
instability strip, akin to the models computed in this work, how-
ever Bono et al. (1997) showed that a many ACs are low-mass
core helium-burning stars evolving from the horizontal branch.
The anomalous Cepheids do not appear to be related to classical
Cepheids, but could CEP1812 be a missing link between these
two classes of Cepheids?
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ABSTRACT

We present observations of a new phenomenon in pulsating white dwarf stars: large-amplitude outbursts at
timescales much longer than the pulsation periods. The cool (Teff = 11,060 K), hydrogen-atmosphere pulsating
white dwarf PG 1149+057 was observed nearly continuously for more than 78.8 day by the extended Kepler
mission in K2 Campaign 1. The target showed 10 outburst events, recurring roughly every 8 day and lasting
roughly 15 hr, with maximum flux excursions up to 45% in the Kepler bandpass. We demonstrate that the
outbursts affect the pulsations and therefore must come from the white dwarf. Additionally, we argue that these
events are not magnetic reconnection flares, and are most likely connected to the stellar pulsations and the
relatively deep surface convection zone. PG 1149+057 is now the second cool pulsating white dwarf to show this
outburst phenomenon, after the first variable white dwarf observed in the Kepler mission, KIC 4552982. Both stars
have the same effective temperature, within the uncertainties, and are among the coolest known pulsating white
dwarfs of typical mass. These outbursts provide fresh observational insight into the red edge of the DAV instability
strip and the eventual cessation of pulsations in cool white dwarfs.

Key words: stars: evolution – stars: general – stars: individual (PG 1149+057) – stars: oscillations – stars:
variables: general – white dwarfs

1. INTRODUCTION

The vast majority of all stars in our Galaxy will end up as
white dwarfs, which provide important observational boundary
conditions on the final stages of stellar evolution. White dwarfs
have electron-degenerate cores overlaid by a thin, non-
degenerate atmosphere, and passively release their residual
thermal energy. When a DA (hydrogen-atmosphere) white
dwarf eventually cools below 12,500 K, it develops a hydrogen
partial-ionization zone at its surface. This superficial convec-
tion zone throttles heat transport and efficiently drives
pulsations (Brickhill 1991a; Goldreich & Wu 1999a).

The flux changes in variable DA white dwarfs (DAVs, aka
ZZ Cetis) are consistent with surface temperature variations
caused by non-radial g-mode pulsations. By matching the
observed pulsation periods to theoretical models, we can reveal
considerable detail about the interior of white dwarfs, including
their overall mass, temperature, the mass of their outer
hydrogen and helium envelopes, their rotation, and even
characteristics of their cores (see reviews by Fontaine &
Brassard 2008; Winget & Kepler 2008; Althaus et al. 2010).

As white dwarfs cool their convection zones deepen. Since
the oscillation modes excited are characterized by the thermal
timescale of the driving zone, a deeper convection zone excites
long-period pulsations, up to an observed maximum of about
1200 s for a 0.6 M:white dwarf (Mukadam et al. 2006).
Empirical studies of the coolest members of the DAV
instability strip are complicated by the relatively long-period
and less coherent pulsations (Kanaan et al. 2002). However, the
Kepler space telescope provides an unprecedented tool for
long-term monitoring of the coolest pulsating white dwarfs.

Ten pulsating white dwarfs were eventually discovered late
in the original Kepler mission, but only two were observed for
more than a month before the failure of the second reaction

wheel in 2013 May (Hermes et al. 2011; Greiss et al. 2014).
Curiously, the first and longest-studied DAV observed by
Kepler, KIC 4552982, showed a completely unprecedented
behavior: large-amplitude flux excursions which raised the
overall brightness by up to 17%, recurred on average every
2.7 days and lasted 4–25 hr in duration (Bell et al. 2015). These
outbursts recurred on a much longer timescale than the
pulsations.
The extended Kepler mission (K2) affords an exceptional

opportunity to extend space-based monitoring for up to 85 days
to a plethora of new (and brighter) white dwarfs (Howell
et al. 2014). Already K2 has illuminated frequency variability
in the cool DAV GD 1212 (Hermes et al. 2014) and a hot DAV
descended from common-envelope evolution (Hermes
et al. 2015).
The pulsating white dwarf PG 1149+057 was observed for

more than 78.8 days in K2 Campaign 1, and we present here an
analysis of the second case of sporadic, high-amplitude
outbursts in a cool DAV. In this letter we present our K2
observations, establish that the outbursts are happening on the
white dwarf, and analyze the outbursts and their relation to the
stellar pulsations.

2. K2 CAMPAIGN 1 TIME-SERIES PHOTOMETRY

There is little high-speed photometry on PG 1149+057,
despite the fact that there are just 15 brighter known DAVs.
Pulsations were announced using one very short ( 0.7< hr) run
in 2005 May by Voss et al. (2006), who present the only
previously published light curve.
Our K2 Campaign 1 coverage of PG 1149+057 (EPIC

201806008, Kp = 15.0 mag) was requested in short-cadence
(exposures every 58.8 s) and spans from 2014 June 3 00:00:42
UT to 2014 August 20 20:16:36 UT. Every 6 hr, the Kepler
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spacecraft checks its pointing and, if it needs correction, fires
its thrusters. This can cause significant discontinuities in the
light curve. We have extracted and detrended the photometry

using the tools outlined in Armstrong et al. (2015), which
compensates for artifacts in the light curve caused by attitude
corrections.

Figure 1. Representative portions of the K2 Campaign 1 light curve of the pulsating white dwarf PG 1149+057. The top left panel shows the first 25 days of
observations; three outburst events are denoted in green. The bottom left panel shows 7.2 hr of data on the second day of K2 observations; the white dwarf pulsations
are clearly visible, and underplotted is a best-fit to the three highest-amplitude signals (with periods of 1145.7, 998.1, and 1052.8 s). The right panel shows 7.2 hr
during the second outburst, with points connected in green.

Figure 2. Top panel shows the entire K2 light curve of PG 1149+057. We mark the 10 outburst events in green and show the data in quiescence as black points. The
bottom panel shows FTs both in (green) and out of outburst (black). Both subsets have pulsations excited above the significance threshold, described in the text and
shown as dark green dashed–dotted and blue dashed lines, respectively. Pulsations persist during outburst but have higher amplitudes and shorter periods than in
quiescence.

2
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ABSTRACT

Trojans are small bodies in planetary Lagrangian points. In our solar system, Jupiter has the largest number of such
companions. Their existence is assumed for exoplanetary systems as well, but none have been found so far. We
present an analysis by super-stacking ∼4 × 103 Kepler planets with a total of ∼9 × 104 transits, searching for an
average Trojan transit dip. Our results give an upper limit to the average Trojan transiting area (per planet) that
corresponds to one body of radius 460 km< with 2s confidence. We find a significant Trojan-like signal in a sub-
sample for planets with more (or larger) Trojans for periods >60 days. Our tentative results can and should be
checked with improved data from future missions like PLATO 2.0, and can guide planetary formation theories.

Key words: minor planets, asteroids: general – planets and satellites: general

1. INTRODUCTION

In 1771, the mathematician Lagrange found a solution to the
three-body-problem for a primary planet and an asteroid of
small mass. When the bodies are in the same plane in circular
orbits of the same period, the stable locations for the asteroid
are 60n from the planet (Lagrange 1772). As no such asteroids
were known at the time, the problem was considered to be only
of mathematical interest. Today, we refer to these points as the
(stable) Lagrangian points L4 and L5 (Figure 1, based on
Cornish 1998).

More than a century later, Max Wolf (1996) of the
University Observatory of Heidelberg discovered a new
“planet” 55n east of Jupiter and immediately noted its strange
orbit: “the small change in R.A. is remarkable.”4 More such
bodies were found in the same year, and it was quickly realized
that these bodies are trapped in Jupiter’s Lagrangian points. To
distinguish them from the main belt asteroids, which usually
receive female names, it was decided to name them after Greek
heroes of the Trojan war. Wolf’s “planet” is today known as
(588) Achilles and is in the L4 group.

Asteroids that are trapped in an L4 or L5 orbit around their
point of equilibrium have a tadpole or horseshoe orbit (Marzari
et al. 2002). Today, >6000 Jupiter Trojans are known5, as well
as a few Neptune, Mars, and Earth Trojans. The largest known
Trojans have sizes 100 km> in radius (Fernández et al. 2003),
and it is believed that the total number of L4 Jupiter Trojans,
with radii >1 km, is ∼6 × 105 (Yoshida & Nakamura 2005). If
L5 contains an equal amount of debris, then the total transiting
area equivalent of small Jupiter Trojans corresponds to one
body of radius ∼600 km. The 32 largest objects (Fernández
et al. 2003) account for an additional radius equivalent of
∼300 km.

The Lagrangian points are stable over Gyr timescales as long
as the planet is 4< % of the system mass (Murray &
Holman 1999). Most of the system mass is usually concen-
trated in the host star, e.g., 4% of M: is 40MJup, so that this

limit is usually met. Consequently, we might assume that other
planetary systems also possess Trojan bodies; this is also
expected from formation mechanisms in protoplanetary accre-
tion discs (Laughlin & Chambers 2002). As the properties of
extrasolar systems are diverse, we can ask the question of how
large these bodies can be, and how many there are. There is
nothing that physically prevents them from occurring in larger
numbers (and/or larger sizes) than in our own system.
Hypothetical exo-Trojans have been shown to be stable for
up to Jupiter mass in the most extreme cases (Érdi et al. 2007),
assuming low eccentricity (Dvorak et al. 2004).
Searching for Trojans in time series photometry is difficult,

as these bodies librate around their equilibrium points to a
substantial degree. This produces large transit timing varia-
tions, so they are missed in standard planet-search algorithms.
Also, the mean inclination of Jupiter Trojans is 10n (Yoshida &
Nakamura 2005) to 14n (Jewitt et al. 2000). If this is typical for
exo-Trojans, only part of the swarm would go into transit.
Data from the Kepler space telescope have been searched for

individual Trojans, with a null result and sensitivity down to
R1~ Å (Janson 2013). Another search was carried out with data

from the MOST satellite for the transiting hot Jupiter HD
209458b, also with a null result and an upper limit of ∼1 lunar
mass of asteroids (Moldovan et al. 2010).
Although interesting, we do not repeat these searches for

individual Trojans here, but ask the question of the average
Trojan effect in all Kepler data. Millions of small Trojans might
show up, on average, when stacking ∼4 × 103 planets with a
total of ∼9 × 104 transits, as is the case for exo-moons
(Hippke 2015).

2. METHOD

We employed the largest database available: high precision
time series photometry from the Kepler spacecraft, covering 4
years of observations (Caldwell et al. 2010).

2.1. Data Selection

Based on a list of all validated transiting Kepler planets (821)
and unvalidated planet candidates (3359; Wright et al. 2011)6,
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we downloaded their Kepler long-cadence (30 minutes) data
sets. We used the same data set as published by the Transiting
Planet Search pipeline, which relies on a systematic error-
corrected flux time series from a “wavelet-based, adaptive
matched filter that characterizes the power spectral density
(PSD) of the background process yielding the observed light
curve and uses this time-variable PSD estimate to realize a pre-
whitening filter and whiten the light curve” (Borucki
et al. 2011). This data set was used for most planet validations
(e.g., Lissauer et al. 2012; Rowe et al. 2014). We have
downloaded these data from the NASA Exoplanet Archive7

and applied no further corrections or detrending. It must be
assumed that there are unidentified transits and stellar trends in
these data, but we can also assume that these are distributed
randomly over phase time, so no systematic effects should
affect the precise locations of the L4 and L5 phase times.

2.2. Data Processing

Each planet has its own light curve in this data set, which
comes with companion transits removed (in multiple systems).
We phase-folded every light curve with its published period.
Afterward, we re-normalized the data for each curve, while
masking the times around planetary primary and secondary
transit. Then we re-binned each phase-folded light curve in
1000 bins. Depending on the period, this is equivalent to a time
of 1 minute (for the shortest period) to 18 hr (for a 750-day
period). For the median period of 13 days, the bin length is
20 minutes. As the average transit duration is a few hours,
smearing only occurs for the few very long period planets.

2.3. The Super-stack

From the sample of 3739 useful phase-folded light curves in
1000 bins, we created a super-stack by co-adding these and

taking the median of each bin. This method was also used by
Sheets & Deming (2014) for the detection of average secondary
eclipses, and by Hippke (2015) for the search for an average
exo-moon effect. In contrast to these studies, we did not stretch
to the expected transit duration because Trojans are expected to
be in orbits around the Lagrange-points, and not stationary in
phase time.
The resulting data were strongly dominated by outliers. This

is caused by many factors contributing to different noise levels:
the brightness of the host star, stellar variability, instrumental
differences, and others. We decided on two filters to remove
outliers, namely the stellar brightness (we kept stars brighter
than 15 mag in J as measured by 2MASS), and the scatter per
star (we kept the better half).
It is interesting to mention a (slight) selection effect from this

filter choice: When rejecting dimmer and/or noisier stars, the
average stellar radius changes. Smaller stars (e.g., M-dwarfs)
exhibit more stellar noise (Basri et al. 2013) and are usually
less luminous. Consequently, our sample is shifted toward
larger stellar radii. While the total Kepler-planet sample has an
average stellar radius of R1.14 :, our post-filter sample has an
average of R1.17 :.

3. RESULTS

The initial post-filtered super-stack does not show any
significant Trojan dips, as shown in Figure 2. When taking the
average flux in a bin of 0.03 width in phase space, we obtain

0.06 0.23 ppm+ o for L4 and 0.10 0.23 ppm- o for L5. For
the average stellar radius of R1.17 :, we can set an upper limit
for the average Trojan area (per planet) of 460 km with 2s
confidence. This applies to the full (filtered) Kepler sample.

3.1. Cross-check for Secondary Eclipses

As a useful cross-check for our data preparation method,
we have searched for the average secondary eclipse. For
simplicity, we have assumed only reflected light with an
average albedo of 0.22 (Sheets & Deming 2014) and neglected
differences in temperatures. As can be seen in Figure 2, there is
only a hint of a secondary features at phase 1.0 = 0.0, which is
measured to be 0.31 0.21 ppm- o at a bin width of 0.01.
Following our simplified assumptions, we can calculate the
expected dip for this sample as R aP

2( ) per planet, giving an
average of −0.88 ppm for the sample. We explain the

Figure 1. Lagrangian points L4 and L5 are 60n from the planet.

Figure 2. Initial super-stack shows no significant dips at the Lagrangian points.

7 http://exoplanetarchive.ipac.caltech.edu/docs/API_tce_columns.html,
retrieved on 2015 April 21.
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difference as caused by smearing from shifts in transit timing
(from non-zero eccentricity) and different transit durations of
each planet, which we did not compensate for.

We have also checked a different sample that is expected to
yield a higher secondary dip: all planets with radii R2> Å on
orbits 0.3< AU. This sub-sample is expected to yield an
average secondary eclipse of −1.7 ppm; our data analysis gives

0.73 0.34- o in the same bin width. Again, we have to expect
centering variations that reduce (broaden) the observed depth.
However, it is reassuring to see a dip at 2s> significance.
Finally, we have checked the few individual examples from
Sheets & Deming (2014) where the secondary eclipse is
detected for individual planets (e.g., Kepler-10b); these dips are
also present in our data set. We conclude that there seems to be
no obvious fault in our data set, and that secondary eclipses are
hard to detect for most of the Kepler planets.

3.2. Sub-sample Analysis

The full sample might be heavily diluted by a large number
of systems with no or relatively few Trojans. We test this
hypothesis by assuming that the flux in L4 and L5 is
uncorrelated for any cause other than Trojan bodies. We know
from our own solar system that the number of bodies in L4 and
L5 is approximately equal. Then we can examine a sub-sample
of the super-stack: we take all of those planets that exhibit a
negative flux at L4 (phase 0.33), and take their data of phase
0.5–1 for further analysis. The same is done for L5 in the
reverse logic. This gives us 1251 samples of negative flux at
phase 0.33, and their light curves for the “right part,” i.e., flux
phase 0.5–1. We also find 1266 samples with a dip at phase
0.66, and take their part of the light curves from phase 0–0.5.
Afterwards, we stitch these halves together, and obtain 1940
light curves (some have dips in both halves). The result of this
sub-sample is shown in Figure 3 and exhibits a clear dip at both
L4 and L5, with a maximum depth of 2 ppm (970 km radius
equivalent). It is reassuring to see that this dip is not uniform;
as can be seen in the double-phase fold (right part of this
figure), its shape is elongated away from planetary transit, as is
expected for distributions from horseshoe and tadpole orbits.

An alternative interpretation of the dips in Figure 3 (left)
would be numerical fluctuations caused by autocorrelation.
Indeed, a Durbin–Watson test returns clear autocorrelation
(p = 0.01) if the complete data set of 1000 bins is used.

However, when we excise the phase times with signals (around
0, 0.33, 0.5, 0.66, and 1) and treat only the remaining data, then
autocorrelation is insignificant even at the 10% level.
We have also cross-checked whether this dip is introduced

by some symmetry artifact. When selecting any other phase-
folded time, e.g., flux 0< at phase 0.2, no equivalent dip on the
“other side” of the orbit, i.e., at phase 0.8, can be reproduced.
Figure 4 shows this: if an artifact were present, we would
expect a dip centered at each black mark, which is not present.
Clearly, we cannot produce a similar dip at any phase time with
this symmetry argument; it only works at phase times 0.33 (L4)
and 0.66 (L5). We caution, however, that the signal-to-noise
ratio (S/N) of the total signal is low, as will be explained in the
following section. Splitting such a weak signal into different
views can therefore only create weak indicators of its validity.

3.3. Significance of the Result

To measure the significance of these dips, we take the S/N
for transits (Jenkins et al. 2002; Rowe et al. 2014), which
compares the depth of the transit mode compared to the out-of-
transit noise:

N
T

S N , 1T
OT

dep ( )
s

=

with NT as the number of transit observations, Tdep as the transit
depth, and OTs as the standard deviation of out-of-transit
observations. For the Lagrangian signals, we find that the L4
and L5 dip at S/N∼ 6.7 each, and a combined S/N = 9.3. It
has been argued by Fressin et al. (2013) that the detection of
transits becomes unreliable for an S/N  10, so this signal can
only qualify as a tentative detection.

3.4. Sub-sample Properties

We have compared the properties of the 1940 planets in our
sub-sample to the total Kepler sample. We use a nonparametric
density estimation with a local polynomial regression to
include local confidence bands (e.g., Ruppert et al. 2003;
Takezawa 2006).
We find a correlation of the Trojan-like dips to the period of

the host star: At p 20> days, the probability density moves
toward more pronounced Trojan-like signal, but the effect
becomes only formally significant for p60 350< < days (see

Figure 3. Sub-sample super-stack in normal (left) and double symmetric (right) phase fold, with expected orbit size shown for reference. Note the different vertical
axes. The gray dots are 1000 bins over phase space, and the black dots with error bars (right) are 100 bins for better visibility.
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ABSTRACT

The Andromeda Galaxy recurrent nova M31N 2008-12a had been caught in eruption eight times. The inter-eruption period of
M31N 2008-12a is ⇠1 yr, making it the most rapidly recurring system known, and a strong single-degenerate Type Ia supernova
progenitor candidate. Following the 2013 eruption, a campaign was initiated to detect the predicted 2014 eruption and to then perform
high cadence optical photometric and spectroscopic monitoring using ground-based telescopes, along with rapid UV and X-ray follow-
up with the Swift satellite. Here we report the results of a high cadence multi-colour optical monitoring campaign, the spectroscopic
evolution, and the UV photometry. We also discuss tantalising evidence of a potentially related, vastly-extended, nebulosity. The 2014
eruption was discovered, before optical maximum, on October 2, 2014. We find that the optical properties of M31N 2008-12a evolve
faster than all Galactic recurrent novae known, and all its eruptions show remarkable similarity both photometrically and spectro-
scopically. Optical spectra were obtained as early as 0.26 days post maximum, and again confirm the nova nature of the eruption. A
significant deceleration of the inferred ejecta expansion velocity is observed which may be caused by interaction of the ejecta with
surrounding material, possibly a red giant wind. We find a low ejected mass and low ejection velocity, which are consistent with
high mass-accretion rate, high mass white dwarf, and short recurrence time models of novae. We encourage additional observations,
especially around the predicted time of the next eruption, towards the end of 2015.

Key words. galaxies: individual: M31 – novae, cataclysmic variables – stars: individual: M31N 2008-12a

1. Introduction

Classical and recurrent novae eruptions number among the most
energetic stellar explosions, only gamma ray bursts and su-
pernovae (SNe) are more luminous. However, nova eruptions
are thousands of times more frequent in a galaxy such as the

? Tables 6–8 are available in electronic form at
http://www.aanda.org

?? Photometry is only available at the CDS via anonymous ftp to
cdsarc.u-strasbg.fr (130.79.128.5) or via
http://cdsarc.u-strasbg.fr/viz-bin/qcat?J/A+A/580/A45

Milky Way, with Galactic rate estimates of ⇠35 yr�1 (Shafter
1997; Darnley et al. 2006). Novae are a class of cataclysmic
variable (Kraft 1964) that are characterised by eruptions pow-
ered by a thermonuclear runaway on the surface of a white dwarf
(WD; the primary; Starrfield et al. 1976). In these interacting bi-
nary systems the secondary star generally transfers mass to the
WD via an accretion disk surrounding the WD.

A classical nova (CN) system typically contains a main se-
quence secondary (MS-novae; Darnley et al. 2012), at least in
cases where the progenitor system has been recovered (Darnley
et al. 2012; Pagnotta & Schaefer 2014) and theoretical studies

Article published by EDP Sciences A45, page 1 of 23
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ABSTRACT

Context. The M 31 nova M31N 2008-12a was recently found to be a recurrent nova (RN) with a recurrence time of about one year.
This is by far the fastest recurrence time scale of any known RN.
Aims. Our optical monitoring programme detected the predicted 2014 outburst of M31N 2008-12a in early October. We immediately
initiated an X-ray/UV monitoring campaign with Swift to study the multiwavelength evolution of the outburst.
Methods. We monitored M31N 2008-12a with daily Swift observations for 20 days after discovery, covering the entire supersoft X-ray
source (SSS) phase.
Results. We detected SSS emission around day six after outburst. The SSS state lasted for approximately two weeks until about
day 19. M31N 2008-12a was a bright X-ray source with a high blackbody temperature.
Conclusions. The X-ray properties of this outburst are very similar to the 2013 eruption. Combined X-ray spectra show a fast rise and
decline of the effective blackbody temperature. The short-term X-ray light curve showed strong, aperiodic variability which decreased
significantly after about day 14. Overall, the X-ray properties of M31N 2008-12a are consistent with the average population properties
of M 31 novae. The optical and X-ray light curves can be scaled uniformly to show similar time scales to those of the Galactic
RNe U Sco or RS Oph. The SSS evolution time scales and effective temperatures are consistent with a high-mass WD. We predict the
next outburst of M31N 2008-12a to occur in Oct.–Dec. 2015.

Key words. galaxies: individual: M 31 – novae, cataclysmic variables – X-rays: binaries – stars: individual: M31N 2008-12a

1. Introduction

Novae are the product of powerful outbursts occurring on white
dwarfs (WD) in close binary systems where hydrogen-rich ma-
terial accreted from the companion star accumulates on the
WD surface until hydrogen fusion in degenerate matter leads to
an explosive ejection of the accreted envelope. The expanding
hot pseudo photosphere rapidly increases the optical luminosity
of the system by four to eight orders of magnitude before fad-
ing more slowly. This “new star” is the optical nova. For recent
reviews on nova science see Bode & Evans (2008).

When the ejected envelope expands, deeper and hotter lay-
ers of the pseudo photosphere become visible. This leads to a
hardening of the nova spectrum at an approximately constant
bolometric luminosity until ultimately a supersoft X-ray source
(SSS) emerges (e.g. Hachisu & Kato 2006; Krautter 2008).
Powered by stable hydrogen burning, the SSS phase typically
lasts from months to years. Its end indicates the cessation of the

⋆ Tables 1–3 are available in electronic form at
http://www.aanda.org

burning and the descent of the WD luminosity and temperature
back to quiescence.

The underlying WD is not significantly affected by a single
nova outburst. After a certain time, accretion resumes and leads
to the next outburst. Recurrent novae (RNe), in contrast to clas-
sical novae (CNe), are those systems for which more than one
outburst has been observed. This is a phenomenological defini-
tion based on approximately a century of modern astronomical
observations. All novae can show repeated outbursts (Epelstain
et al. 2007) on typical time scales of megayears down to a few
months for the most extreme objects (Yaron et al. 2005; Kato
et al. 2014). Together with an infrequent observational coverage
these different time scales mean that currently only ten Galactic
RNe are known (Schaefer 2010). However, Pagnotta & Schaefer
(2014) recently suggested that about 25% of the ∼400 known
Galactic novae might be potential RNe. Recurrent novae are
good candidates for type-Ia supernova progenitors (e.g. Kato &
Hachisu 2012).

For our large neighbour galaxy M 31, Shafter et al. (2015)
recently reported a comprehensive archival study revealing 16

Article published by EDP Sciences A46, page 1 of 12
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Table 1. Observed eruptions of M31N 2008-12a.

tmax, optical
a tmax,X�ray

b Time since last Source References
(UT) (UT) eruption (days)c

1992 Feb. 05 X-ray (ROSAT) 1
1993 Jan. 11 341 X-ray (ROSAT) 1
2001 Sep. 08 X-ray (Chandra) 2

2008 Dec. 26 Optical 3
2009 Dec. 03 342 Optical (PTF) 4
2011 Oct. 23.49 689 (⇠368/337† ) Optical 4, 5, 6, 7
2012 Oct. 19.72 362.2 Optical 7, 8, 9

<2012 Nov. 06.45 X-ray (Swift) 10
2013 Nov. 28.60 405.1 Optical (iPTF) 4, 7, 11, 12

2013 Dec. 05.9 ± 0.2 X-ray (Swift) 4, 10
2014 Oct. 03.7 ± 0.1 309.1 Optical (LT) 7

2014 Oct. 13.6 X-ray (Swift) 13

Notes. An updated version of Table 1 from TBW14. (a) Time of the optical peak. (b) Time of the X-ray peak. (c) Time since last eruption only quoted
when consecutive detections are believed to relate to consecutive eruptions. (†) Assuming a missed eruption on or around 2010 Oct. 20 or 2010
Nov. 20 (see Cao et al. 2012, and TBW14 for a detailed discussion about a potential 2010 eruption).
References. (1) White et al. (1995); (2) Williams et al. (2004); (3) Nishiyama & Kabashima (2008); (4) Tang et al. (2014); (5) Korotkiy & Elenin
(2011); (6) Barsukova et al. (2011); (7) this paper; (8) Nishiyama & Kabashima (2012); (9) Shafter et al. (2012); (10) Henze et al. (2014b);
(11) Tang et al. (2013); (12) Darnley et al. (2014a); (13) Henze et al. (2015).

predict a recurrence time in the range of a few ⇥103�106 yr (see
Bode & Evans 2008; Bode 2010; Woudt & Ribeiro 2014, for
recent reviews). By definition, each CN system has only been
observed in eruption once.

Recurrent nova (RN) eruptions share the characteristics of
CNe; but have been observed in eruption more than once.
Examination of the Galactic RN systems highlights their di↵er-
ences from CNe. The secondary star in a RN is typically more
evolved, in the sub-giant (SG-nova; also the U Scorpii group) or
red giant (RG-nova; also the RS Ophiuchi group, see e.g., Evans
et al. 2008) stage of evolution; this leads to a high mass accretion
rate. The mass of the WD in RN systems is generally higher, of-
ten close to the Chandrasekhar (MCh; 1931) limit, allowing lower
accumulated ignition mass. The recurrence periods of RNe have
been observed to lie between 1�100 yr (Darnley et al. 2014a),
however both ends of this range are likely a↵ected by selection
e↵ects. Kato et al. (2014) predict the true lower recurrence limit
to be ⇠2 months (for a 1.38 M� WD with a mass accretion rate
of 3.6 ⇥ 10�7 M� yr�1).

To-date, around 400 novae have been discovered in the
Milky Way, yet there are only ten (⇠2.5 percent) confirmed
Galactic RNe displaying multiple eruptions. Following care-
ful examination of the eruption properties of Galactic novae,
Pagnotta & Schaefer (2014) recently predicted that 9�38 percent
of Galactic novae may have recurrence times <⇠100 yr; the ma-
jority of which masquerade as CNe until a second eruption is un-
covered (as was achieved for the Galactic RN V2487 Ophiuchi;
Pagnotta et al. 2009).

With almost 1000 discovered novae (Pietsch et al. 2007,
and on-line database1) and a nova eruption rate of 65+16

�15 yr�1

(Darnley et al. 2006), the Andromeda Galaxy (M31) is the ideal
laboratory in which to study a relatively un-biased population
of novae. While the distance to M31 once acted as a barrier,
recent campaigns have been able to carry out detailed, multi-
wavelength, studies of individual M31 novae (e.g. Shafter et al.
2009; Bode et al. 2009; Pietsch et al. 2011). A thorough astro-
metric study of all M31 novae has uncovered 16 likely RNe in
M31, and determined that as many as one in three M31 novae

1
http://www.mpe.mpg.de/~m31novae/opt/m31/index.php

may be RNe with recurrence times 100 yr (Shafter et al.
2015). Similarly, Williams et al. (2014, and in prep.) found
that ⇠40 percent of M31 novae may contain evolved secondary
stars; likely to be red giants (RG-novae).

The remarkable RN M31N 2008-12a was first discov-
ered undergoing an optical eruption in 2008 Dec. (Nishiyama
& Kabashima 2008). Subsequent eruptions were discovered
in 2009 Dec. (Tang et al. 2014), 2011 Oct. (Korotkiy &
Elenin 2011), 2012 Oct. (Nishiyama & Kabashima 2012), and
2013 Nov. (Tang et al. 2013); strongly indicating a recurrence
period of a year (see also Table 1). For comparison, the shortest
recorded inter-eruption period for a Galactic RN was eight years
between a pair of eruptions from U Sco (1979 and 1987; Bateson
& Hull 1979; Overbeek et al. 1987). With the 2013 eruption
of M31N 2008-12a somewhat anticipated, detailed optical and
X-ray studies of this eruption were published in Darnley et al.
(2014a, hereafter DWB14) and Henze et al. (2014b, hereafter
HND14), respectively, with a complementary study published by
Tang et al. (2014, hereafter TBW14). Both HND14 and TBW14
connected prior X-ray detections to the nova, indicating addi-
tional eruptions in 1992, 1993, and 2001. These had previously
been overlooked as no optical counterpart had been discovered at
the time. Archival Hubble Space Telescope (HST) observations
of the region revealed the presence of the likely progenitor sys-
tem, with the optical and UV data indicating the presence of a lu-
minous accretion disk (Williams et al. 2013, DWB14; TBW14).
The existing near-IR (NIR) HST data were not deep enough to
directly confirm the nature of the secondary (either sub-giant or
red giant), however, the high quiescent luminosity of the system
strongly hints at a RG-nova classification (DWB14).

Swift X-ray observations of M31N 2008-12a were first made
around 20 days after the 2012 eruption, however no X-ray source
was detected. Following the 2013 eruption, M31N 2008-12a was
clearly detected in the X-ray as a bright supersoft source (SSS)
in the first Swift observation, just six days after discovery, indi-
cating that the SSS “turn-on” had been missed. The SSS-phase
lasted for twelve days (turning o↵ at the e↵ective time of the
first 2012 observation), with black-body fits to the X-ray spectra
indicating a particularly hot source ⇠100 eV. The X-ray emis-
sion exhibited significant variation that was anti-correlated with

A45, page 2 of 23
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Fig. 1. Ground-based optical photometry of the 2014 eruption of M31N 2008-12a, all data are taken from Table 6. Epochs of optical spectra from
the 2014 eruption (black lines), 2012 eruption (grey line), and the SSS behaviour (blue lines) are shown for informational purposes. Top panel:
optical light curve; the dotted lines indicate a template light curve based on the V- (green) and R/r0-band (red) observations of the 2008, 2011,
2012, and 2013 eruptions, and we assume tmax = 56 933.7 (MJD) or 2014 Oct. 3.7 UT (see discussion in Sect. 4.1 and DWB14). Bottom panel:
colour evolution of the 2014 eruption of M31N 2008-12a.

source of error. The H↵ data were calibrated by assuming the
average H↵ excess (above their r0-band emission) of the 17 cali-
bration stars was '0 and by calibrating these stars’ H↵ photome-
try relative to their r0 emission. Deviations from this assumption
were 5 percent.

3.1.2. Mount Laguna observatory 1.0 m photometry

Photometric observations of M31N 2008-12a were carried out
on 2014 October 4 UT (approximately 1.3 days after the discov-
ery of the most recent eruption) using the MLO 1 m reflector.

A45, page 4 of 23



Egy kis sci-fi a végére…



SETI VIA LEAKAGE FROM LIGHT SAILS IN EXOPLANETARY SYSTEMS

James Guillochon1 and Abraham Loeb
Harvard-Smithsonian Center for Astrophysics, The Institute for Theory and Computation, 60 Garden Street, Cambridge, MA 02138, USA;

jguillochon@cfa.harvard.edu, aloeb@cfa.harvard.edu
Received 2015 August 12; accepted 2015 September 1; published 2015 September 23

ABSTRACT

The primary challenge of rocket propulsion is the burden of needing to accelerate the spacecraft’s own fuel,
resulting in only a logarithmic gain in maximum speed as propellant is added to the spacecraft. Light sails offer an
attractive alternative in which fuel is not carried by the spacecraft, with acceleration being provided by an external
source of light. By artificially illuminating the spacecraft with beamed radiation, speeds are only limited by the area
of the sail, heat resistance of its material, and power use of the accelerating apparatus. In this paper, we show that
leakage from a light sail propulsion apparatus in operation around a solar system analogue would be detectable. To
demonstrate this, we model the launch and arrival of a microwave beam-driven light sail constructed for transit
between planets in orbit around a single star, and find an optimal beam frequency on the order of tens of GHz.
Leakage from these beams yields transients with flux densities of Jy and durations of tens of seconds at 100 pc.
Because most travel within a planetary system would be conducted between the habitable worlds within that
system, multiply transiting exoplanetary systems offer the greatest chance of detection, especially when the planets
are in projected conjunction as viewed from Earth. If interplanetary travel via beam-driven light sails is commonly
employed in our galaxy, this activity could be revealed by radio follow-up of nearby transiting exoplanetary
systems. The expected signal properties define a new strategy in the search for extraterrestrial intelligence (SETI).
Key words: extraterrestrial intelligence – space vehicles

1. INTRODUCTION

The visitation of Mars by humans by the 2030s is one of the
stated goals of NASA.2 Travel time to Mars via chemical
rockets is long (∼2 year), and thus permanent colonization by
humans offers significant advantages over short exploration
missions. While many goods will be sourceable on Mars,
acquiring them in-situ may be difficult or impossible, and for
some goods expediency is particularly valuable (Meyer
et al. 1985). A practical means of powering such resupply
missions are unmanned spacecraft that are propelled via beam-
driven light sails (Long 2011). In this paper, we construct a
mock light sail mission between the Earth and Mars as an
analogue to systems in operation around other stars, and
consider the detectability of the leakage of radiation from them
(Figure 1). While detection of such emission has been
suggested previously in the literature (Benford et al. 2010a),
our work represents the first attempt to characterize this
emission quantitatively and explore its implications for the
search for extraterrestrial intelligence (SETI).

Other than deliberate attempts to contact other civilizations
(Horowitz & Sagan 1993; Howard et al. 2004; Benford
et al. 2010a, 2010b), there are seemingly few practical reasons
to beam significant amounts of radiation into space. One of the
preferred strategies of SETI is to “eavesdrop” on communica-
tions that may be transmitted between worlds (Cocconi &
Morrison 1959; Drake 1961; Loeb & Zaldarriaga 2007; Tellis
& Marcy 2015). While this activity would almost certainly
involve beamed radiation, the power requirements of such
communication between the planets of a planetary system is
relatively small, and thus detection of these transmissions may
be difficult. The driving of light sails by artificial means is a
practical reason to beam significant amounts of radiation which

could be observed. Given its practical appeal for transit within
our own solar system, it seems reasonable that intelligent life
elsewhere in the galaxy may employ similar technology to
facilitate rapid transit between the habitable worlds within its
host planetary system. Unlike communications, propelling light
sails of any significant mass requires a substantial expenditure
of energy, with the isotropic equivalent luminosities of these
systems being a non-negligible fraction of their host stars. Such
activity could potentially be much easier to detect.
Benford (2013) performed a cost-minimization analysis for

the construction of such a system, and concluded that a fully
developed system based on existing or near-term technology
(the “interstellar precursor” column detailed in Table 1 of
Benford 2013) could be constructed for an estimated $30 B, a
cost comparable to a single manned mission to Mars. Such a
system would accelerate small spacecraft to 60 km s−1, roughly
triple the speed of the fastest chemical rockets today, and
would be exceedingly cheap to operate once constructed, with
electrical costs estimated to be $40 M per mission. We base
much of the design of a mock beamed light sail system on
Benford (2013), and argue that such a system would be most
energy efficient when the sail is accelerated in the Fresnel
regime of the microwave array producing the beamed emission.
In Section 2 we describe our mock system for rapid Earth–

Mars transport via beamed microwave arrays. In Section 3 we
describe the amount of leakage expected from such a system,
and the character of the resulting radio transient. In Section 4
we discuss a strategy for optimal expenditure of radio telescope
time to maximize the probability of detection. We conclude in
Section 5.

2. A BEAMED MICROWAVE ARRAY FOR
RAPID EARTH–MARS TRANSIT

We have constructed a simple model demonstrating how
such a system might operate for mock launch of a 1 metric ton

The Astrophysical Journal Letters, 811:L20 (6pp), 2015 October 1 doi:10.1088/2041-8205/811/2/L20
© 2015. The American Astronomical Society. All rights reserved.

1 Einstein Fellow.
2 https://goo.gl/iim1vi

1



(1000 kg) spacecraft from Earth to Mars. We presume that the
spacecraft and its sail are launched from Earth’s surface using
conventional methods. Once in orbit, a microwave array
positioned on Earth’s surface beams radiation upon the sail,
accelerating the spacecraft to the desired velocity.

Our work closely follows the quantitative assumptions of
Benford (2013), and assumes that the system chosen for Earth–
Mars transit would attempt to minimize costs, and should
reproduce the qualitative aspects of any practical transit system
that utilizes artificially beamed radiation. Benford (2013)
suggests that the costs are similar between radiation frequencies
of 1 GHz (magnetrons) to 100 THz (optical lasers), with the
costs associated with present-day technology favoring lower-
frequency options.

The angular resolution of the accelerating apparatus
DA Aq l= , where λ is the wavelength of radiation and DA

is the array diameter, was considered by Benford (2013) to
determine the pointing accuracy required to drive the sail.
However, the angular resolution only describes the beam
spread beyond the Fresnel zone in the far-field (i.e.,
Fraunhofer) regime, i.e., distance d > dF, where d DF A

2 l=
is the Fresnel length (Born & Wolf 1999). In the Fresnel zone,
the beam’s energy is spread over an angle

d dmax , 1 ,F F A( )q q= which can be significantly larger than
the angular resolution. This suggests three design choices to
minimize leakage: (i) the Fresnel length should be equal to the
distance from Earth at the end of the acceleration phase,
dmax = dF, (ii) DA and sail diameter Ds should be similar (we
find DA ; Ds/5 is optimal), and (iii) the array should use a
narrow band centered about single frequency, as different
frequencies will have different Fresnel lengths.

Once a spacecraft is in Earth orbit, the required change in
orbital energy needs to be at least equal to the difference in the

two planets’ specific binding energy to their parent star,
E GM a a1 1 ,1 2*D > - whereM* is the star’s mass and a1

and a2 refer to the semimajor axes of the two planets. For the
case of Earth and Mars this corresponds to a change in velocity
of 25 km s−1. However, a direct journey using this minimum
amount of energy takes a long time, higher speeds are possible
so long as acceleration is maintained over the Fresnel distance.
If we employ this strategy, the maximum speed achievable
v a d2 ,max max F= and as comfortable travel would not likely
exceed an acceleration a 1max ~ gee, higher speeds are only
possible by maximizing dF. This suggests that a larger aperture
and a shorter wavelength are preferable for the accelerating
array.
Fixing vmax, DA, and amax to fiducial values we find,
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a frequency compatible with radio surveys such as Parkes and
GBT. Equation (1) suggests that microwave frequencies are
natural for sailcraft with these parameters, with optical beams
being better suited for lower accelerations, smaller spacecraft,
and/or higher velocities. The total power of a beam driving a
sail via photon momentum (with perfect reflectivity, η = 1) is

P
m a
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TW, 2A
s max ( )⎜ ⎟⎛
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⎞
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roughly 10% of current worldwide consumption and 10−5 the
total solar irradiance of Earth. By comparison, the Saturn V
rockets used for the manned lunar missions released 0.1 TW at

Figure 1. Left panel: diagram showing the leakage likely for a light sail system developed for Earth–Mars transit. The path of the light sail is shown by the dashed
cyan arrow, whereas the beam profile is shown by the green area. The inset shows the logarithm of the intensity Ilog within the beam profile, which we have
presumed to be in the Fraunhofer regime (Born & Wolf 1999; Kulkarni et al. 2014). Right panel: cylindrical profile of the intensity pattern incident upon the sail,
where the cylindrical radius s is scaled to DA and the radial distance d is scaled to dF. The dashed line shows d = dF, whereas the dotted line shows the region within
which most of the intensity is directed.
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ABSTRACT

A fundamental astrobiological question is whether life can be transported between extrasolar systems. We
propose a new strategy to answer this question based on the principle that life which arose via spreading will
exhibit more clustering than life which arose spontaneously. We develop simple statistical models of
panspermia to illustrate observable consequences of these excess correlations. Future searches for biosignatures
in the atmospheres of exoplanets could test these predictions: a smoking gun signature of panspermia would be
the detection of large regions in the Milky Way where life saturates its environment interspersed with voids
where life is very uncommon. In a favorable scenario, detection of as few as ∼25 biologically active exoplanets
could yield a 5σ detection of panspermia. Detectability of position-space correlations is possible unless the
timescale for life to become observable once seeded is longer than the timescale for stars to redistribute in the
Milky Way.

Key words: astrobiology – planets and satellites: atmospheres

1. INTRODUCTION

The question of where life originated is centuries old (for a
review, see Miller & Orgel 1974; Wesson 2010), but to date
the only experimentally viable method of detecting pansper-
mia is the detection of biomaterial on an asteroid or comet.
Unless a significant fraction of interplanetary objects are
biologically active, this method will not yield positive results
or falsify the hypotheses of panspermia because the
enormous number of objects in our solar system (Moro-
Martín et al. 2009) may permit a significant number of
panspermia events, even if the fraction of objects which
contain life is miniscule. Although previous estimates
suggested that lithopanspermia events should be quite rare
(Melosh 2003; Adams & Spergel 2005), more recent
proposals Belbruno et al. (2012) yield considerably more
optimistic rates. Given the experimental difficulties of testing
the hypotheses of panspermia and poor constraints on the
theoretical diversity of life, one may even question whether
panspermia is truly falsifiable. In this Letter, we answer this
question in the affirmative. Under certain conditions,
panspermia leads to statistical correlations in the distribution
of life in the Milky Way. If future surveys detect
biosignatures in the atmospheres of exoplanets, it will be
possible to devise statistical tests to detect or constrain
panspermia event rates while remaining agnostic to the
biological mechanisms of panspermia.

This Letter is organized as follows. In Section 2 we describe
a simple class of panspermia models that qualitatively captures
the statistical features of any panspermia theory. We discuss
observable signatures of panspermia in Section 3. We conclude
with further implications of our panspermia models in
Section 4.

2. A MODEL FOR PANSPERMIA

Consider an arbitrary lattice L in two or three dimensions.
(The two-dimensional model corresponds to a thin-disk
approximation of the Milky Way). While a lattice model
is a crude approximation to reality, lattices are analytically

tractable, and the conclusions we will draw will hold in the
continuum limit.3 Each lattice point represents a habitable
extrasolar system. Viewed as a graph, the number of edges N
associated with each lattice point represents the average
number of panspermia events per extrasolar system. Associated
with each point Îx L is a state variable xh ( ) which is either 0
or 1, representing the biologically uninhabited and inhabited
states, respectively.
The initial state of the lattice is =xh 0( ) for all Îx L. The

system is updated as follows. At each discrete time step,
neighbors of each inhabited site become inhabited. Further-
more, some fraction < <p0 1s of the uninhabited sites are
switched to h = 1. This describes panspermia in the regime
where life spontaneously arises at a very gradual constant rate.
It is also possible to study the opposite regime, where life
spontaneously arises suddenly. We will refer to the two
regimes as the “adiabatic” and “sudden” scenarios.
We consider the adiabatic case first. Consider the regime

where �p 1s and .N 1. Pictorially, bubbles form in the
lattice as shown in Figure 1. At each time step, the bubbles
grow linearly in size, as new bubbles are formed. After a while,
there are bubbles of many sizes. Well before the overlap time,
namely for �t to, the probability that a lattice site is contained
in a bubble of radius R is given by

» - + +p R p V R p R1 1 1 , 10( ) ( ( ) ( )) ( )
where =R tmax and =p R pmax 0( ) and V(R) in two (three)
dimensions is the area (volume) of a bubble of radius R. Since
bubbles of size +R 1 already occupy some of the lattice sites,
new, smaller bubbles will have less room to form, which is
reflected in the second term in Equation (1). However, to linear
order in p0, the distribution is uniform on the interval R0, max[ ].
In the regime where bubbles of all sizes are present with
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3 A slightly more realistic model would distribute the points randomly and
consider circles or spheres of influence surrounding these points where
panspermia events could take place. This setup is known as a continuum
percolation problem in the mathematics literature (Meester & Roy 1996). In
the regime where most of the spheres of influence overlap, the lattice
approximation described above gives similar results.
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between inhabited sites will be large, so the shearing will
effectively convert convert the larger bubble into smaller
bubbles. So long as the phase transition is not complete, small
bubbles will start to regrow, and the cycle starts over again.

Finally, it is important to note that life may take a non-
negligible amount of time td to become detectable once life is
spread to it. We will not attempt to quantify td except to note
that td could in principle be very short if a photosynthetic (or
more exotically, an industrially polluting) species can propa-
gate between solar systems such as cyanobacteria (Olsson-
Francis et al. 2010). Of course, for Earth’s history td (for
currently proposed biomarkers) is very long ~t 10d

9 year. If td
is much larger than the timescale for stars to diffuse/shear (on
the order of ~108 year), it will not be possible to detect any
position-space correlations, though more subtle phase-space
correlations (see Section 3) could in principle be detected.

3. OBSERVABLE SIGNATURES

An important observable consequence of panspermia that is
illustrated in both of these models. The two-point correlation
function

- º á ñ - á ñx y x y xC h h h 42( ) ( ) ( ) ( ) ( )

has the property ¹C 0 during the entire evolution of the
system. This is true unless we are unlucky enough that the
phase transition has already been completed and =xh 1( )
everywhere. In particular, the timescale for the phase transition
to run to completion is most likely several times the life
crossing time of the Milky Way. For ~v 10 km s−1, the life
crossing time corresponds to several Gyr, so the phase
transition could take of order the Hubble time. For the sudden
case, the correlation length x ~ vt Dt Rmin max , 2 , MW( ( ) )
where RMW is a length scale several times smaller than the
radius of the Milky Way. For the adiabatic case, the correlation
function is peaked at - =x y 0 and drops to zero over the
same characteristic length ξ. In general, ξ will always show a
cutoff at some scale radius ~RMW due to shearing effects. The

schematic form of the correlation function is displayed in
Figure 2. A more complicated rule where the rate ps varies with
time will encode itself in the correlation function; the important
point is that any spreading whatsoever will yield potentially
observable deviations from C = 0 which is the Poisson case.
For real observations, one must take into account the fact

that stars are not distributed uniformly on a lattice and may
themselves exhibit clustering. To take this into account, we
propose the following reduced correlation function as a
potentially robust indicator of panspermia:

�
s s s

- º -x y
x y
x y

x
x

h h h
, 5

2

( ) ( ) ( )
( ) ( )

( )
( )

( )

where in the continuum limit s x( ) is the stellar density and
xh ( ) is the density of inhabited stellar systems. If life arises

independently among different stellar systems, sµh , so
� -x y( ) accounts for the fact that stars do not form a perfect
lattice by “dividing out” the star–star correlation. An even more
sophisticated treatment could replace the spatial densities with
corresponding phase space densities lx x p,( ), since two
stars which are closer together in phase space will have more
time to transfer biomaterial than two stars which are close in
position space but far away in momentum space. In principle,
one could reverse-integrate the orbits of stars and calculate the
radius of closest approach rc for any two given stars. Measuring
the correlation as a function of rc would be an alternative
strategy for disentangling the effects of stellar diffusion and
panspermia, which may be useful if life propagates at very low
speeds, or if the timescale td is longer than the stellar mixing
timescale.
We note that the above discrete models can be generalized to

the continuous case by using a slightly different formalism. If
the number distribution of bubbles is known, a power spectrum
of inhabited star density fluctuations can be derived that will
reproduce the bubble spectrum by retracing the steps of the
Press–Schechter formalism (Press & Schechter 1974). Once the
power spectrum is obtained, one can obtain the correlation
function via a Fourier transform. If the habitable stellar density
is not constant but fluctuates in space, the problem becomes
analogous to the spread of disease on an inhomogeneous
medium (Lin & Loeb 2015), which again makes use of the
Press–Schechter formalism.
Future surveys such as the TESS (Ricker et al. 2015) will

detect hundreds of Earth-like exoplanets (Sullivan et al. 2015).
Ground-based and space-based (e.g., James Webb Space
Telescope) follow ups that can characterize the exoplanet
atmospheres could test for biosignatures such as oxygen in
combination with a reducing gas (for a review, see Kaltenegger
et al. 2002). However, it is likely that only a few Earth-like
exoplanets will be close enough to be biologically character-
ized (Brandt & Spiegel 2014; Rein et al. 2014) with next-
decade instruments. Eventually, surveys could test for more
specific spectral signatures such as the “red edge” of chlorophyl
(Seager et al. 2005) or even industrial pollution (Lin
et al. 2014). It is also possible that searches for extraterrestrial
intelligence in the radio or optical wavelengths could yield also
yield detections that could be tested for clustering. Any positive
detections will yield first constraints on the correlation function

-x yC ( ). In a favorable scenario, our solar system could be on
the edge of a bubble, in which case a survey of nearby stars

Figure 2. Schematic plot of the spherically averaged correlation function C(r)
as a function of radius r during the panspermia phase transition for two
different panspermia scenarios and the no panspermia scenario. In the adiabatic
regime, life can percolate in addition to spontaneously arising. In the sudden
regime, life arises once and then begins to percolate. Both correlation functions
define a characteristic scale radius ξ which reflects the time elapsed t since the
first life started percolating. In the case where no panspermia occurs, the
reduced correlation function is exactly zero, so a measurement of � >r 0( ) (see
Equation (5) for a definition) would be compelling evidence for panspermia.
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ABSTRACT

Wright et al. (2014, ApJ, 792, 26) have embarked on a search for advanced Karadashev Type III civilisations via the compilation of a
sample of sources with extreme mid-IR emission and colours. The aim is to furnish a list of candidate galaxies that might harbour an
advanced Kardashev Type III civilisation; in this scenario, the mid-IR emission is then primarily associated with waste heat energy by-
products. I apply the mid-IR radio correlation to this Glimpsing Heat from Alien Technology (Ĝ) sample, a catalogue of 93 candidate
galaxies compiled by Griffith et al. (2015, ApJS, 217, 25). I demonstrate that the mid-IR and radio luminosities are correlated for the
sample, determining a k-corrected value of q22 = 1.35± 0.42. By comparison, a similar measurement for 124 galaxies drawn from the
First Look Survey (FLS) has q22 = 0.87 ± 0.27. The statistically significant difference of the mean value of q22 for these two samples,
taken together with their more comparable far-IR properties, suggests that the Ĝ sample shows excessive emission in the mid-IR.
The fact that the Ĝ sample largely follows the mid-IR radio correlation strongly suggests that the vast majority of these sources are
associated with galaxies in which natural astrophysical processes are dominant. This simple application of the mid-IR radio correlation
can substantially reduce the number of false positives in the Ĝ catalogue since galaxies occupied by advanced Kardashev Type III
civilisations would be expected to exhibit very high values of q. I identify nine outliers in the sample with q22 > 2 of which at least
three have properties that are relatively well explained via standard astrophysical interpretations e.g. dust emission associated with
nascent star formation and/or nuclear activity from a heavily obscured AGN. The other outliers have not been studied in any great
detail, and are deserving of further observation. I also note that the comparison of resolved mid-IR and radio images of galaxies on
sub-galactic (kpc) scales can also be useful in identifying and recognising artificial mid-IR emission from less advanced intermediate
Type II/III civilisations. Nevertheless, from the bulk properties of the Ĝ sample, I conclude that Kardashev Type III civilisations are
either very rare or do not exist in the local Universe.

Key words. astrobiology – galaxies: general – galaxies: star formation – radio continuum: galaxies – infrared: general

1. Introduction

In a series of papers, Wright et al. (2014a) and Wright et al.
(2014b) have presented a detailed description of our current abil-
ity to detect the signature of advanced Kardashev Type III civili-
sations (Kardashev 1964) via the prominent waste heat signature
they are expected to produce. Type III civilisations are defined
by Kardashev (1964) as those capable of harnessing the stellar
energy supply of a galaxy (∼1038 Watts). Indeed previous stud-
ies (e.g. Carrigan 2009), suggest that constructs such as Dyson
spheres (Dyson 1960) will radiate most of their waste heat en-
ergy at mid-IR wavelengths, corresponding to temperatures of
∼100−600 K.

Wright et al. have embarked on a novel project called
Glimpsing Heat from Alien Technology (Ĝ) based on the re-
sults of an all-sky mid-IR survey conducted by the WISE mis-
sion (Wright et al. 2010). In particular, Griffith et al. (2015)
have recently produced a list of 93 sources (from an original
sample of 100 000 resolved WISE detections) that exhibit both
extreme mid-IR emission and mid-IR colours. If the radiation
measured by WISE is interpreted as waste heat emission from
an advanced civilisation, the source sample includes galaxies

⋆ Table 1 is available in electronic form at http://www.aanda.org

reprocessing more than 25% of their starlight into the mid-IR
(i.e. γ > 0.25 in the formalism of Wright et al. 2014b). While
some of these sources are well known (e.g. Arp 220), the ma-
jority have not been individually studied in any great detail. One
significant problem with the Ĝ approach is the large number of
false positives expected in the sample; in particular, there are
many ways in which emission in the mid-IR can arise via natu-
ral astrophysical processes, e.g. the reprocessing of starlight or
active galactic nucleus (AGN) radiation by dust.

One way of identifying bona fide Type III civilisations is to
identify outliers in well-determined scaling laws for galaxies,
e.g. the Tully-Fisher relation Annis (1999). I argue here, that the
infrared radio correlation can also be used in a similar way. The
original infrared radio correlation is a fundamental relation for
galaxies (van der kruit 1971; Helou et al. 1985; Condon 1992;
Yun et al. 2001), covering at least 5 orders of magnitude in lumi-
nosity, holding over a wide range of different redshifts, and ex-
tending well into the far-IR/mid-IR, and submillimetre domains
(Carilli & Yun 1999; Garrett 2002; Elbaz et al. 2002; Ivison et al.
2002; Appleton et al. 2004). Studies of the correlation usually
quote q, the logarithm of the ratio of the IR to radio flux densities
(luminosities), the latter typically being measured at 1.4 GHz
(λ20 cm). K-corrected values of q vary from ∼2.3 in the far-IR
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M. A. Garrett: Application of the mid-IR radio correlation to the Ĝ sample

Fig. 1. k-corrected 22 µ mid-IR luminosity (L22 µ, W/Hz), plotted
against the 20 cm radio luminosity (L20 cm, W/Hz) for the Ĝ (red cir-
cles) and FLS (green triangles) samples.

T-test (Student 1908) to the data shows the difference between
the means (0.48) to be statistically significant at the 95% confi-
dence level (with the two-tailed P value <0.0001, t(204) = 9.99,
a pooled variance of 0.45, and a 95% confidence interval of
the mean difference ranging between lower and upper limits of
0.3852 to 0.5748).

The value of qFIR was also determined for a subset of the
Ĝ sample (with both 60 and 100 micron flux densities) find-
ing qFIR = 2.45+/−0.39. This is consistent with values found
in much larger local galaxy samples, e.g. qFIR = 2.34± 0.1 (Yun
et al. 2001).

Systematic underestimates of the radio flux density do not
seem to be a major factor in our analysis, despite the extended
nature of the sources, and the limited uv-coverage afforded by
the NVSS snapshot observations. In particular, the fitted sizes of
the sources are typically less than the NVSS synthesised beam
(i.e. <45 arcsec). I conclude that the higher value of q for the
Ĝ subsample is a physical characteristic of the source sample,
and this has its origins in enhanced mid-IR emission rather than
some systematic radio defecit.

Figure 2 presents a plot of q22 against the 22 µ mid-IR lu-
minosity (L22 µ, W/Hz) of the Ĝ sample. Outlying sources with
q22 > 2 are positioned above the dashed line. Details of the same
sources are also presented towards the top of Table 1.

4. Discussion

Both the mid-IR and radio luminsoties of sources in the Ĝ sub-
sample are strongly correlated with each other. This clearly
demonstrates that the source sample as a whole follows the well-
established mid-IR radio correlation associated with natural as-
trophysical processes such as massive star formation. One inter-
esting, though perhaps not unexpected feature of the Ĝ sample
is that the mean value of q22 appears to be statistically different
and indeed larger than that determined for the FLS sample. The
fact that the values of qFIR are comparable between the samples
suggests that this probably reflects a systematic excess in mid-
IR emission associated with the Ĝ sample rather than a deficit of
the sample in the radio domain.

Fig. 2. k-corrected values of q22 plotted against the 22 µ mid-IR lumi-
nosity (L22 µ, W/Hz) for the Ĝ sample (red filled circles). Above the
dashed line, lie the 9 outliers from the sample with q22 > 2. Sources not
detected in the NVSS radio survey show lower limits for q22, and are
presented as arrows.

High values of q22 would be expected for systems dominated
by Kardashev Type III civilisations, and this makes the outliers
in the Ĝ sample of particular interest. Sources with q22 > 2 (i.e.
those lying >1.5σ from the Ĝ sample mean or >4σ from the
FLS sample mean) include MCG+02-60-017, IC 342, ESO 400-
28, NGC 814, NGC 4747, NGC 5253, UGC 3097, NGC 4355,
and NGC 1377. Astrophysical explanations for high values of q
in the mid-IR include (i) very young star forming systems in
which the synchrotron radio component is not fully established
or (ii) obscured AGNs that heat nuclear dust to relatively warm
temperatures. Of the sources with q22 > 2 presented here,
NGC 1377, NGC 4355, and IC 342 have been studied in some
depth. Altao et al. (2012) favour an interpretation for NGC 1377
in which the prominent molecular outflow is driven by a young
AGN embedded in a dust enshrouded nucleus. By comparison,
IC 342 is a nearby face-on barred spiral galaxy with a cen-
tral nuclear starburst, fed by bar-driven gas inflow (Schinnerer
et al. 2003). The compact nucleus of NGC 4355 (also known as
NGC 4418) also harbours an extremely rich and dusty molecular
environment, but it is unclear whether a compact starburst or an
AGN (or some combination of both) power the strong mid-IR
compnent (Varenius et al. 2014). These three examples are prob-
ably typical representations of the range of types that dominate
the Ĝ sample with large values of q22.

5. Conclusions and next steps

In this paper, I have demonstrated that the IR-radio correlation
can be employed as a useful diagnostic in distinguishing be-
tween mid-IR emission produced by natural astrophysical pro-
cesses and that generated by artificial means, e.g. the waste heat
energy associated with Type III civilisations. In particular, galax-
ies dominated by Type III civilisations should present them-
selves as extreme outliers to the mid-IR radio correlation with
values of q22 > 2. In this way, the mid-IR radio correlation can
be used to eliminate false positives from the Ĝ sample, and to
identify those systems that deserve further detailed study.
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