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Abstract

Discordances in radial-velocity measurements of 73 Leonis, made more than a century ago, gave rise to the first
suggestion that this fifth-magnitude star was a binary system, but it was 40 yr before an accurate investigation of
the object commenced, and a further 25 yr (close to three orbital cycles) before R. F. Griffin’s new velocities,
combined with older ones, yielded a high-quality orbit. However, a few years earlier the system had been resolved
astrometrically by speckle interferometry, so a combined solution was attempted that yielded a very precise period
(σ ∼ 0.1%P, primarily on the strength of the precision of the radial-velocities), with a less-well determined
semimajor axis (σ ∼ 2.4%a″). Nonetheless 73 Leo continued to present a challenge to astrometric and
photometric techniques alike, and also to spectroscopic classification and stellar-evolution theory. Now, with the
superior resolution capability of the Navy Precision Optical Interferometer and new radial-velocity data from the
Dominion Astrophysical Observatory high-resolution spectrograph, those uncertainties have been reduced to
0.02% in P and 0.15% in a″. This paper describes the new data acquired since 1997, and reports our new attempts
to parameterize the system (including the spectral type of the secondary) by appealing to very recent photometry.
Notwithstanding, direct spectroscopic evidence of the secondary component is little more than suggestive, so a
complete SB2 solution yielding an orbital parallax and limits to the masses of the component stars remains
elusive.

Unified Astronomy Thesaurus concepts: Binary stars (154); Interferometric binary stars (806); Spectroscopic
binary stars (1557)

1. Introduction

The first hint that the fifth-magnitude star 73 Leo (= HR
4365 = HIP 55016 = HD 97907 = WDS 11159+1318) could
be a binary came from the Dominion Astrophysical Observa-
tory (DAO; J. S. Plaskett et al. 1921), where it was noted that
the “rather unusually large range (in radial velocity) may be due
to real variation in velocity.” That suspicion was confirmed a few
years later (J. H. Moore 1926; W. W. Campbell & J. H. Moore
1928).9 On the strength of that early evidence a radial-velocity
(RV) observing program was initiated in 1960 by R. F. Griffin
at Cambridge (UK); it gave rise to a suggestion—merely a
hunch—that the system might have a period of a few years
(R. F. Griffin 1966). He then observed it assiduously for 25 yr.

The RV traces displayed by Griffin’s still embryonic RV
spectrometer bore clear characteristics of a late-type giant star,
and by assuming that the visible spectrum arose from the cool
component alone, Griffin adopted Roman’s (N. G. Roman 1952)
classification of K3 III for the system to be that of the cool

primary star. He assumed its colors to be those measured for the
system by A. N. Argue (1963), and noting that both color indices,
(U−B) especially, were more blue than expected for K3 III he
constructed a photometric model that included an unresolved
companion which was a main-sequence star of type near F1 V.
The model predicted a magnitude difference between the
components of 2.9 (1.9) in the visual (blue). By adopting a low
eccentricity for the system, and a distance of 114 pc which he
derived from statistical tabulations of absolute magnitudes,
Griffin further predicted a maximum separation between the
components of 0 .06. From that value, together with his
theoretical magnitude difference, he deduced that the system
would not be seen as a visual binary.
Meanwhile, using the still nascent technology of speckle

interferometry, H. A. McAlister & E. M. Hendry (1982) were
able to separate the pair. Although they did not measure the
magnitude difference, they reported that “the contrast in the
power spectrum suggests a smaller Δm at 470 nm than due to a
secondary of type F1 V,” and proposed a hotter secondary. But
73 Leo was then, and has remained, a challenging object for
speckle interferometry as the component stars are often too
close to be resolved; up to 2001 the pair was only resolved six
more times (H. A. McAlister et al. 1983; D. Bonneau et al.
1986; B. D. Mason et al. 1997) and unresolved seventeen
times (W. I. Hartkopf & H. A. McAlister 1984; Y. Y. Balega
& I. I. Balega 1985; D. Bonneau et al. 1986; H. A. McAlister
et al. 1993; B. D. Mason et al. 1997; I. I. Balega et al. 2006).
D. Bonneau et al. (1986), while again not measuring the
magnitude difference, but making their observation at 550 nm
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deduced from their measurement at the limit of resolution in
the visible that it was “probably less than 1 mag.”

By observing frequently, R. F. Griffin (1990) was able to
derive a spectroscopic orbit of a little over eight years. An SB1
solution cannot yield individual masses for the components,
but it can offer limits to the total mass of the system. While
recognizing the variance between the suggested spectroscopic
magnitude difference and the tenuous suggestions from
speckle interferometry, Griffin also placed hope in the early
efforts in speckle interferometry conducted by CHARA to
obtain a magnitude difference with either the “fork”
(W. G. Bagnuolo & J. R. Sowell 1988) or the “Directed
Vector Autocorrelation” (DVA; W. G. Bagnuolo et al. 1992)
algorithms. Unfortunately both were ultimately unsuccessful.

This paper describes how the two technologies, astrometry
and spectroscopy, developed and matured to the point where
their data could finally be combined to yield an accurate binary
orbit for the 73 Leo system. Following this brief summary of
the history, Section 2 describes the results obtained from long
baseline optical interferometry with the Navy Precision
Optical Interferometer (hereafter, NPOI) of the 73 Leo system.
Section 3 describes briefly composite-spectrum binaries and
how radial velocities were measured from these systems while
Section 4 describes the results obtained.

Sections 2 and 4 describe, in turn, the data now to hand
(much being new): astrometry from the NPOI and RVs from
spectroscopy, and how their respective uncertainties are small
enough to yield a value for the parallax and an impression of
their potential for an unbiased, combined solution. These two
Sections also outline separately the analyses that need to be
completed before the data yield the scientific results for 73 Leo
that are the goal of this exercise. The astrometry supplies
accurate three-dimensional elements of the orbit, in particular
the measurement of the semimajor axis, which—when
combined with the absolute magnitude—will yield the parallax
(distance) of the system. The RV orbit will yield precise limits
to f (m) and m sin i, thereby guiding the eventual production of
an SB2 orbit. Spectrum subtraction will be applied to our
spectra at selected wavelengths in the search for evidence of
features that could be attributable to the secondary star. Over
the past few years, and since the measurements described
above were made, 73 Leo has been added to the SOuthern
Astrophysical Research (SOAR) speckle program and has
been measured several times with single-aperture interfero-
metry (A. Tokovinin et al. 2019, 2020, 2021, 2022, 2024,
2025, in preparation) although—arguably—the most valuable
result from these data is the resulting magnitude difference
(see Table 3).

Section 5 describes how the available data contribute to a
combined solution for the system, examines the output and
discusses its low points. In Section 6 we present our
conclusions, and assess what progress has been made toward
uncovering evidence of the nature of the secondary star,
although we are unable to bring firm knowledge on that
score any further than the negative conclusion reached by
B. D. Mason et al. (1997).

2. 73 Leo as an Astrometric Binary : New NPOI
Observations and Measurements

For many years the NPOI has been obtaining observations
of 73 Leo that are significantly more precise and accurate
than is capable with single-aperture speckle interferometry.

Those observations can also yield a very precise measure-
ment of the magnitude difference between the two stellar
components.
A total of 134 nights of multibaseline observations of 73

Leo were attempted with the NPOI. With a V magnitude of 5.3
this star required very good conditions for two baseline
detections and optimal conditions for closure phase data. 39
nights (29%) eventually produced useful data for at least two
baseline data to be recorded, and of those, 11 of the 39 nights
provided data on more than two baselines.
The NPOI has been described by J. T. Armstrong et al.

(1998), in particular the baseline configurations and the optical
design and delay compensation. Additional relevant observa-
tional details, with special stress on the optimum calibration
methods and wavelength monitoring and calibration, have
been given by D. J. Hutter et al. (2016). A variety of observing
stations was used during the 8 yr span of NPOI observations of
73 Leo; they were generally conducted when the instrument
was in a suitable observing configuration, and when 73 Leo
was thought to be in an interesting arc of the orbit. Table 1
contains a log of the observations that were carried out. The
calibrator star was θ Leonis (HR 4359), for which an estimated
limb-darkened diameter of 0.75 ± 0.04 mas was derived from
its (V − K ) color (D. Mozurkewich et al. 2003).
The magnitude difference between the components of

73 Leo was computed from the first determination of these
data; the final results were then fitted to the visibilities and
determined by adopting a fixed mean magnitude difference.
The astrometric uncertainty ellipse was fitted to the 1σ contour
of the χ2 surface around the position of the secondary. Owing
to the correlation between visibilities of neighboring spectral
channels introduced by the floating calibration procedure, we
adopted a factor of ten (the number of channels used) by which
the number of independent data points was reduced.
The observations in Table 1 with closure phases, i.e., when

all three baselines were observed (R. C. Jennison 1958;
T. J. Cornwell 1989), yield the absolute position-angle
calibration for 73 Leo, and thence the orientation of the orbit
on the sky. The calculated relative astrometry and error ellipse,
and also the O− C to the new orbit (Section 5) are presented in
Table 2. The NPOI points and their error ellipses are plotted in
Figure 1 with the new orbit. Each of these measurements also
lists the calculated magnitude difference from the NPOI.
The magnitude differences (Δm) from the NPOI at 700 nm

based on the 39 best observations are shown in Figure 2. The
mean Δm is 3.83 and the weighted mean is 3.62 ± 0.06, based
on equations 4.17 and 4.19 in P. R. Bevington & D. K. Robi-
nson (2003). The outliers and larger errors are unfortunate, but
it is difficult to observe with the NPOI a source like 73 Leo,
which is rather faint and at—or close to—the limit of what is
practical for that instrument.
For comparison, selected published magnitude differences

from SOAR speckle interferometry are provided in Table 3.
The SOAR speckle Δm data do not give errors on the Δm
numbers, the 0.5 value is from A. Tokovinin (2025, private
communication). The 2019 and 2022 results were not included.
In 2019 the elongated peak was obtained without a reference
star and in 2022 the pair was too close for the magnitude
difference to be trusted. The relative astrometry from all these
results were used in the final orbit determination.
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3. Composite-spectrum Binaries and Radial Velocities

Composite-spectrum binaries were recognized as a special
class and defined in that way by the Harvard classifiers, and
many of the stars currently listed as members of that somewhat
elite spectral type were already recognized as such in the
Henry Draper Catalog (A. J. Cannon & E. C. Pickering 1924).
A composite nature is depicted as the juxtaposition, in a single
spectrum, of features characterizing widely different spectral
types (temperatures), often merged into tight blends that
cannot easily be analyzed separately and are thus reluctant to
yield astrophysically important quantities such as temperature
and stellar mass. Two parallel conditions give rise to this
fascinating anomaly: (1) when the component stars in a binary
or multiple system have quite different spectral types, and (2)
their luminosities are not too disparate in the wavelength
region of the observation.

For the HD classifiers, whose workhorse media were
photographic plates (which are naturally most sensitive in
the blue spectral region), those conditions were met easily by a
binary star containing a cool giant plus a less- or unevolved
hotter dwarf. Despite the considerable intrinsic differences in
luminosity between a giant and a dwarf, the shapes of their
spectral energy distributions are such that the relative faintness
of a hot dwarf is balanced in the blue by the relative weakness
of a cool giant at those wavelengths; 31 Cyg, 32 Cyg and ζ Aur
are archetypal examples.
Throughout the predigital decades of stellar spectroscopy a

composite-spectrum binary was difficult, if not impossible, to
analyze quantitatively. Attempts to match an observation by
synthesizing a template from likely components were never
fine enough to resolve rather slender differences in spectral
type with temperature, while visual comparisons between a

Table 1
73 Leo NPOI Observation Log

Julian UT # of Triangles and Max. No. of No. of
Year Date Obs. Baselines Length Vis. Cl. Ph.

2008.212 2008 Mar 19 38 AC-AW AE-AC 22.2 336 0
2008.226 2008 Mar 24 39 AC-AW AE-AC 22.2 344 0
2008.229 2008 Mar 25 34 AC-AW AE-AC 22.2 300 0
2008.248 2008 Apr 1 34 AC-AW AE-AC 22.2 320 0
2010.014 2010 Jan 6 57 AE-AN0-AW 38.1 920 460
2010.016 2010 Jan 7 68 AE-AN0-AW 38.1 1249 619
2010.022 2010 Jan 9 65 AE-AN0-AW 38.1 1120 560
2010.030 2010 Jan 12 68 AE-AN0-AW 38.1 1320 660
2011.169 2011 Mar 4 17 AC-AW-E6 AE-AC 53.2 177 36
2011.185 2011 Mar 10 25 AC-AW-E6 AE-AC 53.2 370 90
2011.990 2011 Dec 29 15 AE-AW-E6 AW-E6-W7 79.3 266 148
2012.004 2012 Jan 3 21 AE-AW-E6 AW-E6-W7 79.3 466 278
2012.155 2012 Feb 27 26 AC-AW AE-AC 22.2 228 0
2012.407 2012 May 29 25 AE-AW-E6 AW-E6-W7 79.3 361 148
2012.423 2012 Jun 4 22 AE-AW AW-W7 37.4 171 0
2013.198 2013 Mar 14 50 AC-AW AE-AC 22.2 409 0
2013.436 2013 Jun 9 15 AC-AW AE-AC 22.2 113 0
2013.455 2013 Jun 16 17 AC-AW AE-AC 22.2 123 0
2013.995 2013 Dec 30 68 AC-AW AE-AC 22.2 576 0
2013.997 2013 Dec 31 70 AC-AW AE-AC 22.2 610 0
2014.003 2014 Jan 2 55 AC-AW AE-AC 22.2 437 0
2014.027 2014 Jan 11 34 AC-AW AE-AC 22.2 304 0
2014.047 2014 Jan 18 52 AC-AW AE-AC 22.2 357 0
2014.052 2014 Jan 20 69 AC-AW AE-AC 22.2 617 0
2014.060 2014 Jan 23 54 AC-AW AE-AC 22.2 304 0
2015.243 2015 Mar 31 17 AC-AW-E03 AE-AC 37.4 230 54
2015.306 2015 Apr 10 15 AC-AW-E03 AE-AC 37.4 184 41
2016.111 2016 Feb 11 33 AC-AW AE-AC 22.2 263 0
2016.114 2016 Feb 12 43 AC-AW AE-AC 22.2 354 0
2017.890 2017 Nov 22 20 AC-AW AE-AC 22.2 190 0
2017.918 2017 Dec 2 32 AC-AW AE-AC 22.2 285 0
2017.945 2017 Dec 12 27 AC-AW AE-AC 22.2 208 0
2017.948 2017 Dec 13 35 AC-AW AE-AC 22.2 300 0
2018.104 2018 Feb 8 56 AC-AW AE-AC 22.2 447 0
2018.126 2018 Feb 16 40 AC-AW AE-AC 22.2 257 0
2018.140 2018 Feb 21 70 AC-AW AE-AC 22.2 375 0
2018.178 2018 Mar 7 46 AC-AW AE-AC 22.2 340 0
2018.197 2018 Mar 14 38 AC-AW AE-AC 22.2 247 0
2018.214 2018 Mar 20 77 AC-AW AE-AC 22.2 658 0

Totals 1587 16136 3094

Note. Column (1): JY of observation. Column (2): UT Date of observation. Column (3): number of multibaseline observations. Column (4): baselines used for each
observation. Column (5): length of the longest baseline listed in Column 4 (m). Column (6): number of 73 Leonis V2 data points. Column (7): number of 73 Leonis
Closure Phase data points. The totals for Columns (3), (6), and (7) appear at the bottom of the table.
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composite and a standard spectrum were unable to detect
differences of metallicity or luminosity except in very gross
cases, and were easily misled by such anomalies. Photometric
modeling offered one solution, but it required the component
stars to be “standard” in metallicity and luminosity (and
possibly in rotation, too), and for tabulations of mean color
indices to be of high quality in every aspect in order for a
synthesized model to be fully credible. Work with digital (or
digitized) spectra of both composite and single stars and the
application of analysis rather than synthesis has demonstrated
amply the actual frequency of nonstandard parameters
among even “normal” or “standard” bright stars, and has
underlined the importance of recognizing nonstandard para-
meters. Without doubt, unraveling the science offered by
composite spectra is enticing and compelling, mostly because

the ability to measure RVs from a secondary spectrum means
that a double-lined (SB2) orbit can be derived which will yield
m sin i for both component stars. If there is a difference in
rotational broadening between the target giant and its
surrogate, that can be managed by applying an appropriate
amount of blurring to the less-broadened system. The method
can also provide the potential to test stellar-evolution theory,
assuming the components to have been formed coevally.
Nevertheless, inserting tabulated mean values in an analysis
rather than real data can—and often does—mislead the output.
R. F. Griffin’s solution of the radial-velocity orbit of 73 Leo

concluded with conjectures about the system which have
subsequently been questioned. As far as he could tell from
Coravel traces, the system was a binary whose primary was
an early to mid K giant; it had been classified at K3 III by

Table 2
NPOI Measurements of 73 Leo

Error Ellipse

Julian Position Angle θ Separation ρ Δ m700 σmaj min f O − Cθ O − Cρ
Year (deg) (mas) (mag) (mas) (mas) (deg) (deg) (mas)

2008.212 215.55 28.29 4.26 ± 0.15 0.88 0.44 170.0 1.4 −0.3
2008.226 216.58 28.60 4.24 ± 0.14 0.88 0.44 170.4 1.7 −0.2
2008.229 216.16 28.54 3.59 ± 0.06 0.71 0.34 160.5 1.1 −0.3
2008.248 217.05 28.96 3.47 ± 0.05 0.54 0.31 178.7 1.0 0.2
2010.014 263.67 56.49 3.38 ± 0.03 0.25 0.21 78.5 0.8 0.0
2010.016 263.56 56.55 4.06 ± 0.04 0.23 0.19 64.8 0.6 0.1
2010.022 263.74 56.60 4.32 ± 0.07 0.28 0.20 91.3 0.7 0.1
2010.030 263.78 56.70 5.01 ± 0.01 0.28 0.19 44.9 0.7 0.1
2011.169 277.98 62.83 3.38 ± 0.12 1.21 0.65 3.7 1.0 0.2
2011.185 277.75 62.66 4.98 ± 0.23 1.39 0.47 10.5 0.6 0.1
2011.990 287.37 57.38 5.33 ± 0.42 1.57 0.42 166.6 0.8 −0.4
2012.004 287.73 57.29 3.58 ± 0.05 0.87 0.23 173.4 0.6 −0.4
2012.155 288.95 54.94 3.84 ± 0.09 1.33 0.64 162.9 −0.3 −0.8
2012.407 293.10 51.22 3.93 ± 0.10 0.92 0.37 150.1 −0.0 −0.6
2012.423 293.83 51.14 3.34 ± 0.10 1.59 0.57 134.9 0.4 −0.4
2013.198 313.70 33.03 3.74 ± 0.05 0.66 0.28 6.9 0.7 −0.2
2013.436 325.88 26.11 4.39 ± 0.27 1.75 0.84 8.6 0.6 −0.1
2013.455 325.03 25.60 3.23 ± 0.15 1.31 0.74 139.9 −1.5 −0.0
2013.995 35.99 15.79 3.69 ± 0.07 0.73 0.34 4.3 0.6 −0.5
2013.997 36.81 15.62 3.72 ± 0.05 0.69 0.29 14.5 1.1 −0.7
2014.003 38.02 14.85 2.86 ± 0.09 0.84 0.39 1.2 1.3 −1.5
2014.027 39.11 16.52 3.71 ± 0.07 0.79 0.42 157.7 −1.6 −0.1
2014.047 40.27 17.03 4.10 ± 0.08 0.90 0.30 15.1 −3.7 0.3
2014.052 41.64 17.08 3.70 ± 0.07 0.64 0.31 179.5 −3.1 0.2
2014.060 45.10 17.06 3.39 ± 0.09 0.80 0.37 0.6 −0.9 0.1
2015.243 138.48 26.25 4.59 ± 0.20 1.33 0.44 154.6 1.1 −0.1
2015.306 139.63 24.09 4.24 ± 0.22 1.45 0.74 179.7 −1.9 −1.8
2016.111 202.95 25.89 3.54 ± 0.05 1.30 0.43 151.2 1.8 −0.1
2016.114 203.39 25.71 3.56 ± 0.05 0.83 0.42 160.1 2.1 −0.3
2017.890 260.80 54.26 3.71 ± 0.07 1.07 0.48 172.6 1.4 0.6
2017.918 260.83 54.68 3.12 ± 0.05 1.68 0.50 164.5 1.0 0.7
2017.945 261.22 54.82 3.55 ± 0.05 0.85 0.42 4.3 1.0 0.5
2017.948 261.46 54.82 3.47 ± 0.04 0.68 0.35 0.1 1.2 0.5
2018.104 264.13 56.53 3.85 ± 0.07 1.13 0.47 7.9 1.6 0.3
2018.126 263.60 57.09 3.67 ± 0.08 1.32 0.56 6.6 0.7 0.7
2018.140 264.13 57.09 3.93 ± 0.06 0.80 0.37 8.3 1.1 0.5
2018.178 264.47 57.57 3.85 ± 0.06 0.72 0.36 0.9 0.9 0.6
2018.197 265.26 57.58 3.65 ± 0.06 1.51 0.48 12.0 1.4 0.4
2018.214 265.28 57.74 3.35 ± 0.03 0.74 0.32 6.4 1.2 0.4

Note. Column (1): JY of observation. Column (2): the position angle of the secondary relative to the primary, with position angle measured in degrees from north
through east. Column (3): separation in milliarcseconds. Column (4) lists magnitude difference at 700 nm. Column (5): semimajor axis of the error ellipse (in mas).
Column (6): semiminor axes of the error ellipse (in mas). Column (7): position angle of the error ellipse (from north through east). Column (8): residuals compared
to the new orbit solution (presented in Section 3) in position angle. Column (9) provides the residual in separation.
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N. G. Roman (1952), who was apparently unaware of its
binary nature and had listed its velocity as “21 km s−1.” Griffin
therefore adopted that classification as pertaining to the cool
star alone, and constructed a photometric model based on
tabulated mean magnitudes for the relevant spectral types,
introducing an early F-type dwarf for the secondary in order to
make the observed B and V colors for 73 Leo a little too blue
for a single K3 III. That model has become indelibly
associated with this system, even though there has to date

been no clear spectroscopic evidence of the existence of such a
secondary star, notwithstanding the fact that an early-F
spectrum is dominated by features that are relatively weak in
a K-type giant and should therefore be detectable in the blue
spectral region of 73 Leo. Section 4 rehearses the steps taken
to examine and update that claim.
The prime objective of the spectroscopy, described below,

was to improve and enlarge upon the spectroscopic work
described by B. D. Mason et al. (1997), in an attempt to
resolve the existing conundrum surrounding the nature of the
two component stars of 73 Leo.

4. New Radial-velocity Measurements

One goal of this study of 73 Leo is to present a precise and
accurate orbit for the system by combining the new NPOI data
with new radial velocities. Our RV data were derived via
spectroscopy, but using two quite separate technologies on two
quite different instruments: the Cambridge (UK) Coravel, and
the high-dispersion spectrograph of the 1.2 m telescope of the
Herzberg Astronomy and Astrophysics Research Center
(HAA) near Victoria, Canada. Although both instruments
determine a star’s RV by appealing to the Doppler
displacements of its spectral lines, traditional spectroscopy
first requires a spectrum to be obtained before one can then
apply whatever scheme to extract the velocity that it
indicates. On the other hand, a Coravel determines a star’s
RV in real time by scanning its spectrum through a template
that mimics features of a late-type star, and registers the fall
in throughput as the real and the template spectra coincide in
velocity space (relative to similar observations on standard-
RV stars). This method therefore detects only the signature of
a cool star (intentionally the cool giant component of a
composite-spectrum binary) unless a secondary star with an
Am, F- or G-type spectrum is also present in the target
system and is bright enough to register a signal as well. This
technology can therefore deliver results much more rapidly
than conventional spectroscopy can, but does not record an
actual spectrum in a form that can afterwards be manipulated
for whatever purpose. Below we summarize these two sets of
RV measurements.

4.1. RV Measurements with a Coravel

The long-term study of the RV variations of 73 Leo
undertaken by R. F. Griffin, using instruments based on the
Coravel principle, commenced in 1966 and was pursued for
25 yr. The data were published in B. D. Mason et al. (1997),
although Griffin’s (R. F. Griffin 1990) paper had already
described fully his definitive SB1 solution along with the same
RV data. His main objective in repeating the RV analysis in
the 1997 paper (where a combined solution of the orbit was
also derived for the first time) was to demonstrate the

Figure 1. Plot of measurements for 73 Leo made with the NPOI. The ellipse
represents the final (i.e., combined) orbit (Section 3). The location of the
primary is at the origin; the relative positions of the secondary are plotted
together with their error ellipses. The vector from the origin indicates the
periastron point. The scales (in milliarcseconds, mas) in R.A. and decl. are
marked on the bottom and left axes, respectively.

Figure 2. NPOI measures of the magnitude difference of 73 Leo. The
weighted mean of 3.62(0.06) (P. R. Bevington & D. K. Robinson 2003) is
shown as a dashed line.

Table 3
Magnitude Difference

Δm Filter N References
(mag) (nm)

2.73 ± 0.5 543 ± 22 4 A. Tokovinin et al. (2020, 2021, 2025, in
preparation)

2.5 ± 0.5 434 ± 99 1 A. Tokovinin et al. (2021)
3.62 ± 0.06 700 39 This Paper
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significant improvement in the precision of the orbital
parameters compared to what he had achieved in his 1990
paper.

The 51 earliest values listed in Table 4 are the same as given
in R. F. Griffin (1990), and (similarly) bear the same zero-
point adjustments as explained there. However, we have made
one small change to Griffin’s data: the first seven of his
measurements, extending from June 1978 to May 1979, proved

to be uncharacteristically more ragged than the rest—possibly
attributable to teething trouble with his new instrument—so we
weighted those seven values by 0.25, and also applied a shift
of −1.0 km s−1 in order to bring their residuals more in line
with those of the rest of the RV measurements. For that sub-set
of 7 RVs the standard deviation of the mean residual was
0.45 km s−1, compared to 0.09 km s−1 for the rest of his
Coravel measurements.

Table 4
Radial-velocity Measurements

Date MJD V O − C Source Date MJD V O − C Source
(km s−1) (km s−1) (km s−1) (km s−1)

1978 Jun 18 43677.89 10.2 +1.2 Cambridge 1990 Apr 29 48010.91 27.6 +0.6 Cambridge
Nov 20 43832.27 8.8 +0.2 Cambridge May 26 48037.89 26.7 −0.3 Cambridge

1979 Jan 03 43876.19 8.0 −0.6 Cambridge 2017 Dec 23 58110.51 10.4 −0.2 DAO-K
Feb 25 43929.07 6.3 −2.2 Cambridge 2018 Feb 05 58154.36 10.5 +0.2 DAO-K
Mar 12 43944.06 8.0 −0.5 Cambridge 06 58155.41 9.8 −0.5 DAO-K
Apr 28 43991.94 8.9 +0.4 Cambridge May 12 58250.28 10.1 +0.2 DAO-Mg
May 13 44006.93 9.7 +1.2 Cambridge 13 58251.28 10.0 +0.1 DAO-Mg
Dec 04 44211.22 8.4 −0.5 Cambridge 14 58252.23 10.2 +0.4 DAO-Mg

1980 Jan 02 44240.18 9.3 +0.3 Cambridge Jun 11 58280.24 10.3 +0.6 DAO-Hδ
May 09 44368.90 11.1 +1.3 Cambridge 12 58281.24 10.2 +0.5 DAO-Hδ
Dec 07 44580.24 13.4 +0.7 Cambridge 14 58283.24 9.6 −0.1 DAO-K

1981 Jan 15 44619.24 13.9 +0.3 Cambridge 15 58284.26 9.6 −0.1 DAO-K
Feb 02 44637.09 13.5 −0.5 Cambridge Jul 08 58307.24 9.9 +0.3 DAO-K
Apr 27 44721.91 17.5 +0.9 Cambridge 2022 Feb 13 59623.46 20.3 +0.1 DAO-K
May 19 44743.18 17.5 +0.1 Palomar 15 59625.43 20.4 +0.1 DAO-K

1982 Jan 10 44979.13 26.9 +0.7 Cambridge Mar 29 59667.49 21.6 −0.5 DAO-K
Mar 02 45030.06 27.5 +0.6 Cambridge 31 59669.33 22.9 +0.8 DAO-K
Apr 14 45073.91 26.3 −0.7 Cambridge Apr 06 59675.35 22.6 +0.2 DAO-K
May 11 45100.90 27.1 +0.3 Cambridge May 21 59720.24 23.9 −0.3 DAO-K

1983 Feb 23 45388.03 21.6 +0.8 Cambridge 22 59721.24 23.9 −0.3 DAO-K
May 09 45463.89 20.0 +0.8 Cambridge 24 59723.25 23.7 −0.6 DAO-K
Dec 11 45679.18 15.6 −0.2 Cambridge Nov 28 59911.59 26.9 +0.1 DAO-K

1984 Jan 09 45708.16 15.0 −0.4 Cambridge Dec 12 59925.60 26.8 +0.2 DAO-K
Feb 09 45739.09 14.3 −0.7 Cambridge 2023 Jan 19 59963.53 26.0 +0.0 DAO-K
Apr 15 45805.94 14.2 +0.0 Cambridge 27 59971.45 25.7 −0.1 DAO-K

1985 Jan 01 46066.18 11.6 −0.3 Cambridge 29 59973.48 25.8 +0.0 DAO-K
May 31 46216.89 10.3 −0.5 Cambridge 30 59974.57 25.9 +0.1 DAO-K

1986 Jan 04 46434.47 9.8 +0.1 Palomar Feb 15 59990.46 25.2 −0.3 DAO-K
Mar 06 46495.04 10.9 +1.4 Cambridge Mar 16 60019.34 23.7 −1.2 DAO-K
Apr 10 46530.87 9.3 +0.0 Coravel 17 60020.36 23.9 −1.0 DAO-K
May 13 46563.89 10.2 +1.0 Cambridge 22 60025.37 24.0 −0.7 DAO-K
Dec 12 46776.20 8.1 −0.6 Cambridge Apr 27 60061.35 23.4 −0.5 DAO-Hδ

1987 Jan 31 46826.11 8.4 −0.2 Cambridge May 05 60069.25 23.6 −0.1 DAO-Hδ
Feb 21 46847.05 8.3 −0.3 Cambridge 12 60076.23 24.1 +0.6 DAO-Hδ
Mar 18 46872.94 7.4 −1.1 Cambridge 13 60077.25 24.3 +0.8 DAO-Hδ
Apr 28 46913.87 8.1 −0.4 Cambridge 14 60078.25 22.5 −1.0 DAO-Hδ

1988 Jan 27 47187.56 8.8 −0.1 DAO 26 60090.25 24.2 +1.0 DAO-λ 4375 Å
31 47191.43 8.9 −0.1 DAO 29 60093.26 24.4 +1.2 DAO-λ 4375 Å

Mar 10 47230.98 9.2 +0.1 Coravel Jun 05 60100.30 22.8 −0.2 DAO-K
May 26 47307.89 9.5 −0.1 Cambridge 06 60101.26 22.7 −0.3 DAO-K
Nov 06 47471.23 11.6 +0.2 Coravel 07 60102.26 22.5 −0.5 DAO-K

1989 Jan 18 47544.12 11.6 −1.2 Cambridge 17 60112.24 22.7 +0.0 DAO-K
Feb 23 47580.24 12.9 −0.7 Coravel-ESO 19 60114.26 23.1 +0.5 DAO-K
Mar 12 47597.01 14.3 +0.3 Cambridge 2024 Feb 26 60366.38 18.4 +0.8 DAO-R
Apr 29 47645.88 15.2 −0.2 Coravel Apr 22 60422.35 16.1 −0.6 DAO-K
Nov 01 47831.21 21.6 −0.9 Coravel Nov 15 60629.58 14.0 −0.1 DAO-K

1990 Jan 14 47905.10 25.9 +0.6 Cambridge 2025 Jan 19 60694.43 13.8 +0.4 DAO-K
Feb 12 47934.25 25.3 −0.8 Coravel-ESO 20 60695.53 13.2 −0.2 DAO-K
Mar 28 47978.97 27.3 +0.5 Coravel-ESO Mar 10 60744.42 12.1 −0.9 DAO-K

Note. The first seven measurements (until MJD 44006.93) were weighted 0.25—see text.
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4.2. RVs from High-dispersion Spectroscopy

Spectroscopy of 73 Leo was undertaken in high-resolution
mode (R ≈ 45,000) with the coudé spectrograph on the 1.2 m
telescope of the DAO/HAA commencing in 2017, in an effort
to investigate any signatures of the fainter secondary
component. Spectra were recorded on a SITe-4 CCD, and
reduced through a standard pipeline procedure of bias
subtraction and flat fielding.

The subtraction procedure for uncovering the signature of a
companion spectrum requires that all spectra be extracted
linearly in wavelength in the rest-frame of the cool-giant
primary. That obviously applies equally to observations of the
“standard” spectra that were selected as candidates for the
primary’s surrogate. To that end, unblended absorption lines
were identified on each CCD record, their positions measured
accurately in pixels, and the grating equation applied to
the ensemble of those positions. Values for the constants in the
grating equation were supplied from our knowledge of the
parameters of the spectrograph.

A total of 122 high-resolution spectra of 73 Leo were
obtained at three potentially significant wavelength regions:
λ 3950 Å (for Ca II H&K), 4120 Å (for Hδ), and 4375 Å or
4490 Å (for Mg II and other metals). Owing to a number of
technological issues, compounded by the partial closure of the
observatory and a persistent lack of staff during the COVID-19
pandemic, the regular recoating of the telescope’s main mirror
could not be carried out during the critical years, so multiple
exposures of 73 Leo were needed on all but 10 of the available
nights (mostly once or twice more but up to 5 times in a few
cases, according to the sky conditions, the hour angle of the
star and the throughput of the equipment) in order to increase
the S/N ratios of the output. Those spectra were coadded at
source before the wavelength solutions were carried out,
leaving 35, six, and five spectra, respectively, in the three
wavelength regions mentioned above, and one in the red
region centered at 6170 Å—a total of 47. Finally, each was
levelled to a continuum chosen (for convenience) to be at an
intensity of 100.

The reduction pipeline that processes the raw spectra also
returns a version of the output to which the heliocentric RV of
the system has been applied, so (again assuming that it was
only the cool giant primary that contributed to that RV) we
determined the RVs of the giant component of 73 Leo by
cross-correlation with an appropriate K-giant standard spec-
trum. Those are the 47 values listed in Table 4. Except for the
seven values mentioned above, all were accorded unit weight.
All were observed in the near-UV or blue spectral regions
except for one observation (labeled DAO-R), which was made
in the red at a central wavelength near λ 6170 Å. The standard
deviation of the mean residual of our 47 measurements was
0.08 km s−1. The new SB1 orbit solution which we thus
derived is illustrated in Figure 3; its parameters are given in
Table 5. The r.m.s. residual of this solution is 0.59 km s−1. In
trial orbit solutions we used different symbols to distinguish
between the spectroscopic RVs derived from different
wavelength regions, but in fact no systematic differences were
evident so those distinctions were deemed unnecessary.

5. Combined Orbit Solution

The study of the system by B. D. Mason et al. (1997)
combined the spectroscopic and astrometric solutions and

generated an analysis of the system in which all earlier
CHARA speckle observations were reanalyzed with the DVA
and thereby more than doubled the number of resolved
measurements. This new solution yielded an orbital period that
was the same as that of R. F. Griffin (1990) within the errors. It
also offered a distance to the system of 135–150pc, which
agrees with the recent parallax of 7.0432 ± 0.1980 mas
from Gaia DR3 (Gaia Collaboration et al. 2016, 2025, in
preparation), or a distance of 138–146 pc. Since 73 Leo is a
bright source the formal uncertainties of the DR3 results may
be underestimated by about 30% (C. Fabricius et al. 2021;
Gaia Collaboration et al. 2025, in preparation).
A new simultaneous solution utilizing all the RV and

interferometric (NPOI and speckle) data was carried out with
an interactive program developed by A. A. Tokovinin (1992,
1993),10 which computes all seven Campbell elements:
P (period), a″ (semimajor axis), i (inclination, in degrees),
Ω (longitude of node, equinox 2000, in degrees), T0 (epoch of
periastron passage), e (eccentricity), and ω (longitude of
periastron, in degrees), and also the spectroscopic elements
γ (the systemic velocity) and K (the semiamplitude velocity).
Formal errors are determined for each element. This technique
employs the method of least squares to yield elements
satisfying both radial-velocity and astrometric measurements,
as described by H. A. McAlister et al. (1995). The combined
orbit solution is presented in Table 5. In addition, and for
comparison, we include in Table 5 orbital elements from only
relative astrometry: NPOI from Table 2 plus all published
measurements contained in the WDS (B. D. Mason et al. 2001)
also the orbital elements from only the radial velocities
presented in Table 4.
The combined orbital solution, which is plotted in Figure 4,

includes all published measurements in the WDS (B. D. Mason
et al. 2001) plus the hitherto unpublished data in Table 2.
While the combined solution is the preferred result, for

comparison Table 5 includes the orbital elements based only on
the relative astrometry and only on the radial velocities. The
RV-only solution, a1sin i = 342.7 ± 3.6Gm and f (m) = 0.183 ±
0.006 M .
The ephemerides of predicted relative positions are

presented in Table 6. The longitude of periastron passage (ω)
is given in the “visual” sense, i.e., the secondary relative to the
primary. In all cases, the “spectroscopic ω” is therefore 180°
different from the value listed in Table 5. Taking the first RV
from R. F. Griffin (1966) that we have retained in Table 4 as
the start, those cover orbital cycles 0.0–1.4, while the DAO/
HAA spectroscopy extends that from cycles 4.8 to 5.7. The
early GSU/CHARA speckle work covers orbital cycles
0.1–1.8, and the NPOI data (Table 2) correspond to orbital
cycles 3.6–4.9. The recent speckle work at SOAR, with
observations obtained by A. Tokovinin et al. (2019, 2020,
2021, 2022, 2024, 2025, in preparation; at the request of
R. F. Griffin), cover orbital cycles 4.9–5.7.
Based on the orbital elements and the Gaia DR3 parallax the

total mass is 4.24 ± 0.37 M . With the error in P of only
0.0075% and the error in a″ of 0.13%, the largest contributor
here is the parallax error of 2.81% (which may decrease in
subsequent Gaia data releases). The parallax, eccentricity, and
semimajor axis yields a value of stellar separation of 6.535 au
with a range of 3.749–9.322 au from periastron to apastron.

10 http://www.ctio.noao.edu/∼atokovin/orbit/index.html

7

The Astronomical Journal, 170:83 (12pp), 2025 August Mason et al.

http://www.ctio.noao.edu/~atokovin/orbit/index.html


Despite the large size of the primary such a range is unlikely to
result in significant dynamical effects in the upper atmosphere
of the giant.

5.1. The Nature of the Secondary Star

The photometric and astrometric measurements described
earlier argue comprehensively for the presence of a secondary
component that should be discernible spectroscopically, albeit
at the limits of visibility. Because (as already described) the
spectra of this system are not obviously composite, we needed
to investigate the full range of possibilities which our data
could now reveal.

One test was to plot an observation of 73 Leo when it was
near to one node in its velocity range, and to overplot that with
an observation when the stars were almost reversed in orbital
position, and thus in velocity. Signatures of a secondary star
should then show as dissimilar blends if not as actual features.
However, we found nothing of that kind was seen (see
Figure 5).

We then overplotted spectra of 73 Leo with corresponding
ones of ψ Boo (the star selected as the closest surrogate to
the primary in the system), and scrutinized the differences
(Figures 6, 7, and 8). However, in order to match the surrogate

to the primary of 73 Leo it was necessary to scale each
spectrum of ψ Boo by a constant, but different, percentage, as
mentioned in the respective captions. In effect, this procedure
replicates how spectrum subtraction works, but avoids the
confusion with noise which is inevitable when the signals
being sought are extremely small. In all three plots the
agreement between ψ Boo and 73 Leo is very fine, except for
one small difference near λ 4110 Å in Figure 7 (close to the
wavelength of Hδ) and three in Figure 8: in the cores of Ca IIH
and K, and in the Balmer line near λ 3889 Å.
The scaling factors that were applied represent a constant

opacity that has been added to the continuum of ψ Boo to make
its line depths match those of 73 Leo. That scaling therefore
offers us a visual demonstration of the flux which the
secondary component has added to the system; it is greatest
in the near-UV and decreases toward longer wavelengths, as
can be expected from the difference in SED between K2 and
early F. Those four cases of mismatch in Figures 7 and 8 can
therefore be considered as real, though very slender, spectro-
scopic evidence of the kind of secondary component
hypothesized by R. F. Griffin (1966, 1990).
Any differences between the line depths (apart from those

identified in the captions) in the spectra of 73 Leo and the
scaled versions of ψ Boo are very likely confused with noise

Figure 3. Radial-velocity data from Table 4, with the new RV-orbit solution fitted to them. Open triangles are the seven early (1978–9) Cambridge Coravel RVs,
filled squares are the 44 later ones from the Cambridge Coravel, and include four values measured on other Coravel-type instruments, while the 47 red triangles
represent the velocities from DAO spectroscopy.

Table 5
Orbital Elements

Element Astrometric Radial Velocity Combined Error Unit
Only Only Solution

P 8.1057 ± 0.0067 ⋯ 8.10420 ± 0.00059 yr
⋯ ⋯ 2962.0 ± 1.7 2960.00 0.22 day
a″ 0.045674 ± 0.000082 ⋯ 0.045470 0.000058 ″

i 58.37 ± 0.17 ⋯ 58.03 0.16 �

Ω 283.32 ± 0.15 ⋯ 283.410 0.076 �

T0 2006.36 ± 0.48 ⋯ 2006.2870 0.0011 JY
⋯ ⋯ 53849. ± 9. 53840.81 0.42 MJD
e 0.4241 ± 0.0019 0.418 ± 0.009 0.42510 0.00096 ⋯
ω 333.86 ± 0.34 330.9 ± 1.7 332.7 4.9 �

K1 ⋯ 9.26 ± 0.09 9.400 0.013 km s−1

γ ⋯ 14.38 ± 0.07 14.510 0.010 km s−1
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spikes in either case, though differences in the depths of
λ 3944 and 3961 Å, a pair of ground-state Al I lines, are
probably real as those lines are very temperature sensitive (for
instance, nothing is known concerning the properties of the
outer atmosphere and chromosphere of either giant, and their
effects upon the profiles of the photospheric components).

We also applied the subtraction procedure to this pair of
stars, aiming to remove as cleanly as possible all the features
of the primary star’s spectrum in 73 Leo by subtracting, point

by point, a sequence of proportions of the spectrum of ψ Boo
as its surrogate. Section 3 rehearsed the principles of the
method; details of the procedure have been described fully by
R. Griffin & R. Griffin (1986). However, the subtractions did
not uncover any definite signatures of a hotter secondary at any
of the wavelength regions represented here (though we remark
that, at the shortest wavelengths where they might have been
most prominent, the efficiency of the CCD and other
spectrograph hardware is unfortunately falling at the same
time). We must therefore conclude that any signatures of the
secondary component to reinforce what Figures 7 and 8
suggest are too faint to be discernible by these methods.

Although the evidence suggested by Figures 7 and 8 is
slender, we believe it to be real, and to support earlier
conjectures regarding the nature of 73 Leo B. This paper has
also achieved a significant reduction (by more than a factor of
two) in the uncertainty of the period.
Statistics from the Gaia DR3 Release (Gaia Collaboration

et al. 2022, in preparation) provide a means for investigating
whether 73 Leo appears as an unresolved binary in the
astrometric data. According to V. Belokurov et al. (2020)
and Z. Penoyre et al. (2022), the Renormalized Unit Weight
Error statistic of 1.47 for 73 Leo suggests the detection of a
binary that Gaia has partially resolved.

Figure 4. The new combined orbit solution: plot of relative astrometry data for 73 Leo; the X and Y scales are in arcseconds. The dashed curve represents the orbit of
B. D. Mason et al. (1997). The dotted–dashed line indicates the line of nodes. Early speckle measurements (1979–1993) are shown as open circles, NPOI measures as
stars, and later speckle measures (2018–2025) as filled circles. All measurements are connected to their predicted positions on the orbit by “O − C” lines. The
direction of motion is indicated on the northeast orientation in the lower right of the plot.

Table 6
Ephemerides

Position Angle Separation
Epoch θ(�) ρ(mas)

2025.0 240.49 39.11
2025.5 252.30 47.48
2026.0 260.76 54.42
2026.5 267.54 59.34
2027.0 273.49 61.90
2027.5 279.20 61.77
2028.0 285.22 58.63
2028.5 292.34 52.14
2029.0 302.27 41.96
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Additional evidence that Gaia detected 73 Leo as an
astrometric binary is indicated in the ipd_gof_harmonic_phase
statistic. As ipd_frac_multi_peak is zero for 73 Leo, this phase
is the position angle of the binary modulo 180° (B. Holl et al.
2023), namely 15.52 (195.52) degrees. The predicted position
angle by our orbit for the Gaia epoch DR3 2016.0 is 193°.41,
which is well aligned with the position angle indicated by
Gaia. For such a relatively bright star (Gaia G mag = 4.93),
this is an encouraging result from the Gaia mission.

6. Conclusions

While the orbit of 73 Leo is improved significantly, there is
still work to be done on the system. Determination of the
secondary spectroscopically (if indeed that is possible) would
furnish us with a complete orbit solution and determination of
the masses of the components and the orbital parallax.
Independent of this, determination of the mass ratio would
also allow the determination of individual masses. At present,
while Gaia provides a very rigid framework it does not have

Figure 5. Two spectra of 73 Leo, but at different phases (one at the giant’s velocity maximum, the other near its velocity minimum). The spectrum of a secondary
component will have moved in antiphase to that of the primary, giving rise to changes in some line profiles since blends would have been created differently. Such
changes are not in evidence.

Figure 6. This comparison between 73 Leo (red) and ψ Boo at mid-blue wavelengths. The spectrum of ψ Boo has been scaled down by 5%.
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the capability to resolve the components separately. A
secondary spectral type of F6 V seems a likely match to the
magnitude difference. However, given that stars are indivi-
duals, such a solution may still not conform to the expectation
of the canonical magnitude of mass of a given spectral type
and class. Therefore, until the secondary is more fully detected
spectroscopically, any characterization of the secondary must
be considered preliminary.
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