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ABSTRACT

Aims. We aim to accurately measure the dynamical mass and distance of Cepheids by combining radial velocity measurements with
interferometric observations. Cepheid mass measurements are particularly necessary for solving the Cepheid mass discrepancy, while
independent distance determinations provide a crucial test of the period—luminosity relation and Gaia parallaxes.

Methods. We used the multi-telescope interferometric combiner, the Michigan InfraRed Combiner (MIRC) of the Center for High
Angular Resolution Astronomy (CHARA) Array, to detect and measure the astrometric positions of the high-contrast companion
orbiting the Galactic Cepheid SU Cygni. We also present new radial velocity measurements from ultraviolet spectra taken with the
Hubble Space Telescope. The combination of interferometric astrometry with optical and ultraviolet spectroscopy provided the full
orbital elements of the system, in addition to component masses and the distance to the Cepheid system.

Results. We measured the mass of the Cepheid, M = 4.859 + 0.058 M,,, and its two companions, Mg, = 3.595 + 0.033 M, and
Mg, = 1.546 + 0.009 M. This is the most accurate existing measurement of the mass of a Galactic Cepheid (1.2%). Comparing
with stellar evolution models, we show that the mass predicted by the tracks is higher than the measured mass of the Cepheid, which
is similar to the conclusions of our previous work. We also measured the distance to the system to be 926.3 + 5.0 pc, obtaining an
unprecedented parallax precision of 6 pas (0.5%), which is the most precise and accurate distance for a Cepheid. This precision is
similar to what is expected by Gaia for its last data release (DRS in ~2030) for single stars fainter than G = 13, but is not guaranteed
for stars as bright as SU Cyg.

Conclusions. We demonstrate that evolutionary models remain incapable of accurately reproducing the measured mass of Cepheids,
often predicting higher masses for the expected metallicity, even when factors such as rotation or convective core overshooting are
taken into account. Our precise distance measurement allowed us to compare predictions from some period—luminosity relations.
We find a disagreement of 0.2—0.5 mag with relations calibrated from photometry, while relations calibrated from a direct distance
measurement are in better agreement.
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1. Introduction

One of the most discussed topics in astrophysics today is the ten-
sion between the Hubble constant Hy determined for the present
Universe based on Cepheids and Type Ia supernovae and that from
the early Universe based on Planck satellite observations of the

* Corresponding author; alexandre.gallenne@gmail . com

cosmic microwave background (see e.g. Freedman 2021). Exten-
sive efforts are being made to reduce the uncertainties involved,
as the discrepancy hints at possible new physics. For Cepheids
(the foundation of the local determination), the Leavitt (period—
luminosity) law needs to be calibrated to the highest accuracy and
we need to understand the physics of Cepheid pulsation and evolu-
tion as thoroughly as possible. A crucial test of our understanding
is the luminosity at the Cepheid stage for a given stellar mass.
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Evolutionary tracks are beginning to incorporate new insights
related to rotation in stellar interiors from astroseismology in
phases leading up to the Cepheid stage. Thus, Cepheid masses
of the highest accuracy coupled with very accurate luminosities
(partly through Gaia, among other approaches) are a stringent test
of state-of-the-art stellar modelling.

It has been known since the first hydrodynamic modelling
of Cepheid pulsation in the 1960s that masses inferred from
pulsation differ from those derived from evolutionary calcu-
lations. This difference has now been reduced to <20%. The
most cited scenarios to explain this discrepancy are a mass-
loss mechanism during the evolution of Cepheids, convec-
tive core overshooting, and rotation during the main sequence
stage (Anderson et al. 2014; Neilson et al. 2011; Keller 2008;
Bono et al. 2006), but none of these agree with the measured
dynamical mass (Evans et al. 2024b, 2018a). This discrepancy
points to an uncomfortable gap in our understanding of objects
that are important to the H, tension. While calibration of
Cepheid luminosities will be significantly improved in the final
Gaia release, masses can only be directly measured in binary
systems, and hence only a limited number are available.

There are currently only two feasible ways to directly mea-
sure masses for several non-eclipsing Cepheids. High-resolution
spectra in the ultraviolet (UV) allow the orbital velocity ampli-
tude of hot companions of Cepheids to be measured. Combining
this with the orbital amplitude of the Cepheid from the ground-
based orbit provides the mass ratio. In addition, interferometry
has resolved a number of systems, providing the semi-major
axis (a; + ap) and the inclination. V1334 Cyg is a system for
which complete observational data are available: an interfero-
metric orbit and a mass ratio from the orbital velocity amplitudes
for the Cepheid and the companion (Gallenne et al. 2018). For
this combination, the masses of both stars and their distances can
be determined, resulting in the most accurate mass and distance
to a Galactic Cepheid (M = 4.29+0.13 My, d = 720.4+7.8 pc).

The present paper is part of a series discussing binary
and multiple systems containing Cepheids, and what can be
inferred from these systems regarding Cepheid masses. SU Cyg
= HD 186688 = HR 7518 is a V = 6.44mag Cepheid star
with a period of 3.85d. It has an asymmetric light curve and
a large pulsation amplitude that is consistent with pulsation in
the fundamental mode. Hellerich (1919) found orbital motion
in the system containing the Cepheid SU Cyg. An orbit was
first determined by Evans (1988). Ground-based velocities of
the Cepheid were then combined with velocities of the compan-
ion from the International Ultraviolet Explorer (IUE) satellite by
Evans & Bolton (1990). The companion itself was found to be
a short-period binary. This produced a dynamical lower limit to
the mass of the Cepheid of 5.9 + 0.4 M. The stars in the system
are thus A (the Cepheid), Ba (the hottest star), and Bb. Inspec-
tion of a low-resolution IUE spectrum showed that the star Ba
has a strong Ga II feature at 1400 A, indicative of a chemically
peculiar HgMn star (Evans 1995). This is consistent with a rota-
tion rate slowed to synchronise with the orbital period of 4.67 d.
This was further discussed by Wahlgren & Evans (1998).

In this paper, we revisit the SU Cyg system using new UV
spectra from the Hubble Space Telescope (HST) together with
new interferometric observations with the goal of measuring
accurate dynamical masses and the distance. We present the
observations and the data reduction process in Sect. 2. In Sect. 3
we detail the data analysis used to extract radial velocities and
astrometric motion, which we then used for a global orbital fit,
as presented in Sect. 4. We then discuss our results in Sect. 5 and
outline our conclusions in Sect. 6.
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2. Observations and data reduction
2.1. Ultraviolet spectra

As with many Cepheids, the hottest star in the SU Cyg system
is the companion. The hottest star outshines the Cepheid in the
ultraviolet, and so the velocity of the companion can be mea-
sured on HST Space Telescope Imaging Spectrograph (STIS)
spectra.

We obtained ultraviolet spectra with the STIS instrument on
board the HST in Cycles 22 and 23 (PI: Gallenne) and 28 and
29 (PL: Evans). The high-resolution echelle mode E140H was
used in the wavelength region 1163—-1357 A. The reduction pro-
cedure is described in detail in Evans et al. (2018b). The echelle
orders are combined into a 1D spectrum using an appropriate
blaze function (Baer et al. 2018).

The velocity differences between the spectra were mea-
sured using an IDL cross-correlation routine, as described in
Evans et al. (2018b). The first spectrum in the series was arbitrar-
ily selected for the velocity difference anchor. Cross-correlation
was done in wavelength segments of typically 10 A in width.
Because SU Cyg B is a sharp-lined HgMn star with many lines,
the agreement between segments is very good, as shown in
Fig. 1.

On the other hand, in spectra with more typical broad lines,
such as V1334 Cyg and S Mus, interstellar lines can be used
to check the velocity shift zero-point variation due to the posi-
tioning of the star within the aperture (Proffitt et al. 2017). In
SU Cyg, this cannot be done because the spectrum is full of lines
with similar widths to interstellar lines. Internal errors depend
largely on the number of lines available and also the rotational
velocity of the star. For SU Cyg B, internal consistency between
segments is excellent, as shown in Fig. 1.

The observation began with an acquisition peakup exposure
(the so-called ACQ/Peak) to centre the star in the slit. Nom-
inally, an ACQ/Peak is accurate to 5% of the slit width. We
used the 0.2X0.09 aperture, and the plate scale of the E140H
is 0.047" /pixel in the dispersion direction. A nominal centring
accuracy of 0.05 x 0.09/0.047 is thus about 0.1 pixels. One
pixel is 1/228000, and so one-tenth of a pixel would give about
0.1¢/228000 or about 0.13 km s~!, which is probably not the lim-
iting accuracy of the wavelength scale. Instead, the accuracy is
probably limited by the stability of the bench and the accuracy of
the wavelength calibration. We added extra-deep calibration that
bracketed our exposures to help correct for any drifts. The CAL-
STIS pipeline software then interpolates the shift in the velocity
alignment as measured from the two lamp exposures to the mean
time of the observation. Even if the actual shift in the bench is
highly non-linear over the course of an observation, any addi-
tional error should be less than half the value of the shift between
the two wavecals. We find that the average shift in the position
of the lamp spectrum between the leading and trailing wavecal
is equivalent to a velocity change of about —0.28 + 0.23kms™!,
with the most extreme shift being about —0.7 km s~'. The small
scatter in the STIS velocities around the best-fit model in the
following section (Fig. 2) also confirms the accuracy of the
velocities.

2.2. Interferometry

We collected long-baseline optical interferometric data at
Georgia State University’s Center for High Angular Resolu-
tion Astronomy (CHARA) Array (ten Brummelaar et al. 2005)
located at Mount Wilson Observatory. The CHARA Array
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Fig. 1. Velocities in the wavelength segments for the STIS observations.
The observation number from Table 2 is on the left. Velocities are deter-
mined by cross-correlation with the first observation, which is shown as
the line at AV, = 0. The average velocity for each observation is shown
as a dashed line.

consists of six 1m aperture telescopes in a Y-shaped configu-
ration with two telescopes along each arm, oriented to the east
(E1, E2), west (W1, W2), and south (S1, S2), offering good cov-
erage of the (u, v) plane. The baselines range from 34 m to 331 m
provides an angular resolution down to 0.5 mas at 4 = 1.6 um.
Data were collected with the Michigan InfraRed Combiner
(MIRC, Monnier et al. 2004) before 2019 and the upgraded
Michigan InfraRed Combiner-eXeter (Anugu et al. 2020) after
2019. In addition, recent improvements at CHARA include the
commissioning of a new six-telescope beam combiner MYSTIC
(Michigan Young STar Imager at CHARA Monnier et al. 2018;
Setterholm et al. 2023) designed alongside the MIRC-X upgrade
and capable of simultaneous observations. MIRC combined the
light coming from all six telescopes in the H band (~1.6 um),
with three spectral resolutions (R = 42,150, and 400). The
recombination of six telescopes gives 15 fringe visibilities and
20 closure phase measurements simultaneously, which are our

Vi (kin/s)
(

Fig. 2. Fit of the long and short orbital period of the STIS radial
velocities.

primary observables. MIRC-X also combines the light from six
telescopes, with spectral resolution of R = 50, 102, and 190. Our
MIRC and MIRC-X observations used only the lowest spectral
resolution to favour the signal-to-noise ratio (S/N). MYSTIC is a
K-band instrument working similarly to MIRC-X and offering a
spectral resolution of 50. The log of our observations is available
in Table 1.

We followed a standard observing procedure: we monitored
the interferometric transfer function by observing a calibrator
before and after our Cepheids. The calibrators were selected
using the SearchCal software' (Chelli et al. 2016) provided by
the Jean-Marie Mariotti Center. They are listed in Table 1.

The data were reduced with the standard MIRC and MIRC-
X pipeline? (Monnier et al. 2007; Anugu et al. 2020). The main
procedure is to compute squared visibilities and triple products
for each baseline and spectral channel, and to correct for pho-
ton and readout noises. MYSTIC data are also reduced by the
MIRC-X pipeline.

3. Data analysis

SU Cyg is part of a triple system, which makes its study slightly
more difficult. In the following, we define the Cepheid as the
primary star A, the hottest star of the companion pair as the sec-
ondary B,, and the tertiary component as By,.

3.1. STIS radial velocities

The radial velocities (RVs) of the companion were determined
using the cross-correlation technique. No synthetic template
spectrum was used; instead we estimated a velocity difference
with respect to the first observation by cross-correlating each of
the spectra against it. This was typically done in 11 segments
of approximately 10 A, which were inspected to optimise the
features so that a feature was not divided by a boundary. Mild
smoothing was included. These velocity differences are directly
used in our orbital model fitting. Measurements are listed in
Table 2, with internal uncertainties derived from the differences
between segments.

In the ultraviolet wavelength range, the Cepheid is faint
compared to its companions, and therefore the STIS veloc-
ities inform us about the orbital motion of the companions
around their common centre of mass (i.e. the system B =
B, + By) plus the motion around the centre of mass including

' http://www.jmmc.fr/searchcal
2 https://gitlab.chara.gsu.edu/lebouquj/mircx_
pipeline.git

Al11, page 3 of 16


http://www.jmmc.fr/searchcal
https://gitlab.chara.gsu.edu/lebouquj/mircx_pipeline.git
https://gitlab.chara.gsu.edu/lebouquj/mircx_pipeline.git

Gallenne, A., et al.: A&A, 693, A111 (2025)

Table 1. Journal of the observations.

Date HID @ Combiner Configuration Ny Nys  Ncp  Calibrators
2016-07-18 2457587.814952 MIRC S1-E2-W1-W2 8 156 310 1
2016-07-19 2457588.783663 MIRC S1-S2-E1-E2-W1-W2 8 426 748 1,2
2019-07-14 2458678.779086 MIRCX S1-S2-E1-E2-W1-W2 8 3419 5487 3,4,5
2020-06-30 2459030.831882 MIRCX  S1-S2-E1-E2-W1-W2 8 398 4320 5
2020-07-01 2459031.794510 MIRCX S1-S2-E1-E2-W1-W2 8 1947 9600 3,4,5
2021-07-20 2459415.767570 MIRCX S1-S2-E1-E2-W1-W2 8 3738 6751 3,5,6
2021-09-19 2459476.675433 MIRCX  S1-S2-E1-E2-W1-W2 8 2139 2985 7
2022-08-20 2459812.476640 MIRCX S1-S2-E1-E2-W1-W2 15 832 833 6
2022-08-20 2459812.529639 MYSTIC S1-S2-E1-E2-W1-W2 10 813 527 6
2022-08-21 2459812.767333 MIRCX S1-S2-E1-E2-W1-W2 15 4279 6931 5,6,8
2022-08-21 2459812.776533 MYSTIC S1-S2-E1-E2-W1-W2 10 2710 4218 5,6,8

Notes. Ng,: number of spectral channel. N,: number of visibility measurements. Ncp:
1: 6,p(HD189395) =0.197 + 0.014mas, 2: 6 p(HD178187) = 0.244 +

The calibrators used have the following angular diameters:

number of closure phase measurements.

0.017 mas, 3: 6.p(HD332518) = 0.306 + 0.007 mas, 4: 6;p(HD227002) = 0.278 + 0.006 mas, 5: 6;p(HD333533) = 0.303 + 0.007 mas, 6:
Op(BD + 283437) = 0.287 + 0.006 mas, 7: 6, p(HD332720) = 0.295 + 0.008 mas, 8: 6, p(BD + 303674) = 0.272 + 0.006 mas. ”Converted from

JD using the PyAstronomy package (Czesla et al. 2019).

Table 2. Differential radial velocities of the component Ba.

# HJD @ AVy
(day) (kms™)
1 2456978.827532 0.00 + 0.04
2 2457091.706662  —87.70 + 0.05
3 2457154.563949  —-49.30 + 0.07
4 2457244.319744 18.10 + 0.06
5 2457373.543445  -73.20 + 0.07
6 2457474.382831 28.30 = 0.09
7 2457584.426308 —69.20 + 0.07
8 2457665.443512 6.70 = 0.05
9 2459273.561783 9.30+0.16
10 2459275.481451 -113.90 +0.40
11  2459656.639142 60.90 + 0.23
12 2459658.558639 —40.00 +0.11

Notes. @Converted from JD using the PyAstronomy package
(Czesla et al. 2019).

the Cepheid. We therefore need to disentangle the centre of
mass motion of the short orbital period from the long orbital
period.

To disentangle the orbital motions, we used the following
model, assuming a circular short-period orbit (consistent hypoth-
esis for such a short orbit) and therefore an argument of periapsis
Wshort = 0:

ey

Vi =y + Kg[cos(w — m+ v) + ecos(w — m)] + Kp, COS VB,

where y is the systemic velocity, Kg the semi-amplitude of
the centre of mass of B in the long orbit, Kp, the semi-
amplitude in the short orbit, w the argument of periastron of
the orbit of B (with 7 subtracted to take into account the
symmetry compared to the equations in Sect. 4), v the true
anomaly of the centre of mass in the long orbit, ¢ the eccen-
tricity of the long orbit, and vg, the true anomaly in the short
orbit.

The true anomaly is defined implicitly with the following
Keplerian parameters: Poy, T, e (respectively for the long- and
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short-period orbit), and Kepler’s equation:

v(t) l1+e E@)
tan —= = - (2
. 2n(t - T,)
E@t) —esinE(f) = —————, 3)
Porb

where E(7) is the eccentric anomaly, T, the time of periastron
passage, t the time of radial velocity observations, and Pz, the
orbital period. In the following, we use Pr, T}, Ps, and Ty g to
refer to the orbital period and the time of periastron passage for
the long and short orbit, respectively.

Due to the finite speed of light, we also adjusted the times of
observations at each iteration to account for the light-travel-time
effect (LTTE, Irwin 1952, 1959) in the short orbit. The LTTE
causes apparent shifts in the timing of the RVs because light
from Ba takes time to travel to us as the star moves in its short
orbit (the LTTE for the long orbit is adjusted later in the global
fit). More details can also be found in Konacki et al. (2010) and
Zucker & Alexander (2007).

However, the RVs from STIS are differential velocities, as
they were calculated by cross-correlation with the first spectrum
(see Gallenne et al. 2018). Therefore, our model to fit the STIS
velocities is:

AVg(1) = V(1) = VB(1)). 4)

As first-guess parameters, we used the values given in
Evans & Bolton (1990). Figure 2 shows the disentangled long-
and short-period orbital velocities, and the fitted parameters are
shown in Table 3. We used a standard least-squares minimisa-
tion with errors taken from the correlation matrix. As the STIS
uncertainties are only internal (mean standard deviation of seg-
ments for all the spectra), we rescaled the RV uncertainties
to the mean RMS of the fit, which was of ~0.29kms~'. Our
measured parameters are in agreement with those estimated by
Evans & Bolton (1990), who performed a similar analysis using
high-dispersion spectrographs from the IUE satellite. Addition-
ally, the small residuals for the short-period orbit support our
hypothesis of a circular orbit. We then analytically removed the
short-period motion from the STIS velocities, which are used in
our combined fit of Sect. 4.
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Table 3. Best-fit parameters of the STIS differential velocities of the
long- and short-period orbit.

Long orbit
Py (days) 548.0+1.2
Ty (days) 2456943.2 +2.2
e 0.324 + 0.006
Kg (kms™) 28.72 +0.23
w 223.18 £2.12
ag sin i (au) 1.37 £ 0.01
f(Ma, M) Mp) 1.14 + 0.03
Short orbit
Ps (days) 4.67529 + 0.00001
Ty s (days) 2456977.994 + 0.003
Kga (kms™1) 66.89 +0.21
ag, Sini (au) 0.0287 + 0.0001
f(MBaa Mgp) Mp) 0.145 £ 0.001

3.2. Radial velocities from the literature

At visible wavelengths, where most of the ground-based spec-
trographs operate, the Cepheid dominates the spectra. There-
fore, RVs obtain from these observations give us information
about the orbital reflex motion of the Cepheid. There are several
datasets available in the literature, but some suffer from large
uncertainties or large scatter in the measurements, and so we
decided to not include them in the fit; this is the case for RVs
from Hellerich (1919), Barnes et al. (1987), Wilson et al. (1989).
The velocities from Borgniet et al. (2019) are of very good qual-
ity, but there are only 13 measurements, and these have a small
orbital coverage. There is a large set of observations from Evans
(1989) spanning about six years, providing a good coverage of
the long orbital period. However, the mean scatter of the data
is on the order of 1.6kms~! when fitting the orbital and pulsa-
tion motion. This is likely due to a number of changes made to
the spectrograph during those six years, which might result in
some residual offsets between datasets; although some correc-
tions were made by the authors. The method used to determine
the RVs may also contribute to the scatter, as Evans (1989) fit-
ted parabola to the line cores of about 20 selected lines, which
is less robust than the cross-correlation technique. Imbert (1984)
obtained spectra from the CORAVEL instrument (Mayor et al.
1983) spanning about three years, which is about two times the
long orbital period. The RVs were extracted using the cross-
correlation technique, providing more accurate measurements.
We find a mean scatter of ~0.6kms~' when fitting the orbital
and pulsation motion. A comparison of the Imbert and Evans
datasets is displayed in Fig. 3. We chose to use the most uniform
and accurate dataset and therefore used only the measurements
from Imbert (1984) for our simultaneous fit, which is presented
in the following section.

3.3. Astrometry

To detect the companion (or, more precisely, the centre of light
of the binary companion), we used the interferometric tool CAN-
DID? (Gallenne et al. 2015). The main function allows a sys-
tematic search for companions by performing an N x N grid
of fits, the minimum required grid resolution of which is esti-

3 Available at https://github.com/amerand/CANDID and https:
//github.com/agallenne/GUIcandid for a GUI version.
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Fig. 3. Fit of the orbital and pulsation motion of the Cepheid using data
from Imbert (1984) (top panels) and Evans (1989) (bottom panels). The
fitted model is represented with a black line and the observations are
shown as blue dots.

mated a posteriori in order to find the global minimum in y.
The tool delivers the binary parameters, namely the flux ratio f
and the relative astrometric separation (Aa, Ad), together with
the uniform-disk angular diameter fyp of the primary star (the
Cepheid). The angular diameter of the companion is assumed
to be unresolved by the interferometer. The significance of the
detection, no, is also given, which takes into account the reduced
x* and the number of degrees of freedom®. These are listed in
Table 4, together with our measured astrometric positions.

There were poor seeing conditions when the 2016 data were
obtained; we therefore combined the two nights to detect the
companion and used only the closure phase signal, which is
less sensitive to the atmospheric variations. We fixed the angular
diameter to the average diameter measured from all our observa-
tions (see the following paragraph). The observations obtained
on the night of 2020 June 30 also suffered from poor observ-
ing conditions, and so we decided to combine them with obser-
vations on the following night to increase the S/N, again using
only the closure phases. We fixed the angular diameter to the
average value given by fitting the V2. The data taken during two
nights in 2022 suffered from vibrations on the delay line sys-
tems, which affects mostly the visibilities, as the order of mag-
nitude is less than a wavelength. We therefore also only used the
closure phase with a fixed flux ratio. To increase the detection
level, we combined these two nights for MIRC-X and MYSTIC.
Both instruments provide identical detection of the companion
(see Table 4).

Uncertainties on the fitted parameters are estimated using
a bootstrapping function (bootstrap on the observing time and
baselines). From the distribution, we took the median value and
the maximum value between the 16th and 84th percentiles as
uncertainty for the flux ratio and angular diameter. For the fitted

4 With a maximum displayed of 8¢, because p-values are converted
into chi-squared statistics, although the computer precision is reached
for values very close to 1.
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Table 4. Relative astrometric position of the SU Cyg companion.

Date HID Aa AS OpA O maj O min f 6up no
(Day) (mas) (mas) (deg) (mas) (mas) (%) (mas)
2016-07-19 ®  2457588.299 —2.482 —0.369 70.3 0.080 0.062 1.24 £0.19 0.323 5.3
2019-07-04 2458678.779 -2.084 -0.434 99.9 0.020 0.016 1.62 £0.11 0.332+0.013 >8
2020-07-01 ©  2459031.313  1.135 0.533 144.8  0.015 0.007 1.66 £ 0.07 0.231 £0.020 >8
2021-07-20 2459415.768 -2975 0.219 -1604 0.025 0.012 2.03 +0.16 0.328 +£0.026 >8
2021-09-20 2459476.675 —-1.799  0.426 1457 0.044 0.024 1.80 +0.26 0.400 +£0.034 >8
2022-08-21 @ 2459812.622 -3.049 -0.323 109.8 0.041 0.017 1.75£0.11 0.323 >8
2022-08-21 ©  2459812.653 -3.087 -0.310 149.8 0.021 0.011 1.74 +0.07® 0.323 >8

Notes. “The flux ratio mentioned here is in K because of MYSTIC observations, while others are in H. ®*The nights of July 18 and 19 were
combined as mentioned in the text. ©The nights of June 30 and July 1 were combined as mentioned in the text. MIRCX observations. The
nights of August 20 and 21 were combined as mentioned in the text. ©@MYSTIC observations. The nights of August 20 and 21 were combined as

mentioned in the text.

astrometric position, the error ellipse is derived from the boot-
strap sample (using a principal component analysis). The angular
diameters and astrometric separations were then divided by fac-
tors of 1.0014 +0.0006 for MIRC, 1.0054 +0.0006 for MIRC-X,
and 1.0067 + 0.0007 for MYSTIC (J.D. Monnier, private com-
munication) to take into account the uncertainty from the wave-
length calibration. This is equivalent to adjusting the respective
wavelengths reported in the OIFITS files by the same factors.
The uncertainty on the measurements of angular diameter
was estimated using the conservative formalism of Boffin et al.
(2014), as follows:
&)

2 _ 2 2,42
T = NepTiar + 070,

where Ny, is the number of spectral channels, o2, the uncer-
tainty from the bootstrapping, and 64 = 0.07%, as mentioned
above. We measured a mean uniform disc diameter in the H band
of Oyp = 0.323 £+ 0.061 mas (the standard deviation is taken as
the uncertainty), which is in agreement with the value estimated
by Trahin (2019) from a global fit. We also estimated an average
flux ratio in H of f = 1.68 + 0.24%.

As the companion is itself a binary, the astrometry we mea-
sured is that of the photocentre of the companion pair. For stars
with equal brightness, the photocentre would be in the mid-
dle of the two stars and would follow a simple elliptical orbit
around the Cepheid. However, this is not the case here because
Ba is a B7.5V star and Bb has a spectral type of later than
AOV, which means that the photocentre has a wobble around
its elliptical orbit around the Cepheid. The amplitude of the
wobble can be roughly quantified from the mass ratio and con-
trast between the stars. Using the spectral type calibration from
Pecaut & Mamajek (2013), the companions have masses of close
to 3.6 My and <2.2 My, respectively, for Ba and Bb, and a mag-
nitude difference in AH of ~1.1 mag. The semi-major axis apy
of the photocentre orbit of the companion pair can be estimated
with

Mgy, 1 )’ ©)

Aph = dgh, -
ph  Tshort (MBa + Mgy, 1+ 1004:2H

where agpor i the semimajor axis of the short orbit in arcseconds,
and Mg, and Mgy, are the mass of each component. aghore can also
be estimated from the centre of mass equation:

MBa)
Mgy, )’

@)

Qshort = ABa T dBb = UBa (1 +
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where ag, and ag;, are the distances between the centre of mass
and the stars Ba and Bb, respectively. Using ag, from Table 3,
the inclination of 80° (estimated a posteriori; see Sect. 4), the
Gaia distance of 1000 pc and the predicted masses, we estimated
ashort ~ 0.1 mas, and a semi-major axis of the photocentre of
aph ~ 11 pas. This is slightly below our average astrometric pre-
cision. As a conservative measure, we added an additional uncer-
tainty of 15 uas to our astrometry.

4. Orbital fitting

We performed a combined fit of the interferometric orbit and
RVs of the Cepheid and its companion pair, that is, of the long
period orbit. This is similar to the work we did in Gallenne et al.
(2018) for the Cepheid V1334 Cyg. The fit includes three mod-
els with shared parameters for our three data sets: the first mod-
els the Cepheid RVs only, that is, the orbit around the system
barycentre and the pulsation. The second models the STIS radial
velocities, that is, the orbit of the centre of mass of the compan-
ion pair around the system barycentre with the Cepheid. The last
model fits the relative astrometric orbit of the companion pair
determined from interferometry (MIRC data).

Our radial velocity model of the primary star, the Cepheid, is
defined as

®

VA = VA,orb + Vpuls,

with the orbital radial velocity V4 o, and the pulsation velocity
Vputs» which are expressed as

©))

Vaorb = Kalcos(w + v) + ecosw] + 7,

Vouts = ) |[Ai cos(2migius) + By sin(2xidpui)],
i=1

(10)

where K is the semi-amplitude of the Cepheid’s orbit due to the
secondary companions, w is the argument of periastron of the
companion pair orbit, v is the true anomaly of the companions,
e is the eccentricity of the orbit, y is the systemic velocity, the
pulsation phase ¢pus = (f — To)/Ppuis (modulo 1), Ty is the ref-
erence epoch (usually defined at the maximum brightness), and
(A;, B;) is the amplitude of the Fourier series. The true anomaly
is defined implicitly with the three Keplerian parameters, namely
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Por, Tp, and e, and Kepler’s equation:

% 1+e E
tan — = tan — 11
a3 T—e¢ 03 an
2n(t =T,
E—esinE = u, (12)
Porb

where E(f) is the eccentric anomaly, T, the time of periastron
passage, ¢ the time of radial velocity observations, and Pqy, the
(long) orbital period.

Following the linear parametrization developed in
Wright & Howard (2009) for Va o, and including now the
pulsation, our model can be simplified to

Va=Cicosv+Cysiny + V),

4
+ > [A; cos2rtigpus) + By sin(2rips),
i=1

13)

where we restricted the Fourier series to n = 4. The parameters
Cy,C,, and Vj are related to the Keplerian parameters through
the relations (Wright & Howard 2009):

Ci = Kj cos w, (14)
Cy = =K, sinw, (15)
Vo =v+ Kxecos w, (16)

which can be converted back with (w is chosen so that sin w has
the sign of the numerator):

Ka = 1/C% + C%, 17)
-G,

t = —, 18

an w C, (18)

vy =Vy— Kaecosw. (19)

The fitted parameters are therefore defined as (Cy,C>,
Vo, A1, B1, Az, Ba, Pow, Tp, €, Ppus)- To is kept fixed in the fitting
process to avoid degeneracy with T}, and its value is taken from
Trahin (2019).

For the second model, we used the short-orbit-corrected
STIS spectra from Sect. 3.1, which refer to the relative radial
velocities of the companion pair (named BC here) in their
long orbit with the Cepheid. These RVs can be parameterised
with:

AVg(t) = V(1) — Vi(%), (20)
Vg = &[cos(w+v)+ecosw] +, 21

q
_ M _ Mg+ Mgy 22)

My My

where ¢ is the mass ratio and # is the time of the first STIS mea-
surement. This adds the new parameter, g, as a fitted parameter.
We also added an instrument zero-point offset zp for the STIS
velocities as a fitted parameter.

Finally, the astrometric positions of the companion pair as
measured from interferometry are modelled with the following
equations:

(23)
(24)

Aa = r[cos Qcos(w + v) — cosisin Qsin(w + v)],
A6 = r[sin Qcos(w + v) + cosicos Qsin(w + v)],

where a is the angular semi-major axis in arcseconds, € is the
position angle of the ascending node, and i is the orbital inclina-
tion. The true anomaly v and the separation r at a given time ¢
are calculated as:

r=a(l —ecosE), (25)

where the eccentric anomaly E is calculated by solving Kepler’s
equation, as above.

At each iteration, the times of observation of the RV and
interferometric observations were adjusted to account for the

LTTE in the long orbit.
The distance and masses are then given by:
K
Kg = —, (26)
q
9.191966 x 1073(K s + Kp)Porn V1 — €2
Aay = 3. > (27)
sin’ i
d="2 (28)
Uas
3d3
ZWTZMA-FMBZQ2 , (29)
orb
My
My = , 30
AT Thg (30)
Mp = g Ma, (31)

where Kp is the semi-amplitude of the companion pair, a,, is
the linear semi-major axis in astronomical units (au), d is the
distance to the system, and M and Mp are the masses of the
Cepheid and the two companions, respectively.

The combined fit is performed using a Monte Carlo Markov
Chain (MCMC) technique’ to fit all model parameters charac-
terising the standard orbital elements and the pulsation of the
Cepheid. As a starting point for our 100 MCMC walkers, we
performed a least squares fit using spectroscopic orbital values
from Evans & Bolton (1990) as first guesses, while a, i, and Q
were set to 3mas, 50°, and 50°, respectively. We then ran 100
initialisation steps in order to thoroughly explore the parame-
ter space and reach a stationary distribution. For all cases, the
chain converged before 50 steps. Finally, we used the last posi-
tion of the walkers to generate our full production run of 1000
steps, discarding the initial 50 steps. All the orbital elements are
estimated from the distribution by taking the median value, and
the maximum value between the 16th and 84th percentiles was
taken as the uncertainty (although the distributions were roughly
symmetrical). As a conservative measure, we also quadratically
added a 0.25% error to the distance uncertainty due to the wave-
length calibration of the MIRC instrument (although it is likely
<0.25%, as mentioned in Sect. 3.3).

Our best fit is shown in Fig. 4. We determined a distance of
d =926.3 £ 5.0 pc (+0.5%), which is the most accurate model-
independent distance of a Cepheid, and is slightly more accurate
than the previous measurement of the distance of V1334 Cyg
performed by Gallenne et al. (2018). This corresponds to a par-
allax of @w = 1.080 + 0.006 mas. We also determined the masses
with high accuracy, obtaining M = 4.859 + 0.058 My (1.2%)
and My = 5.141 £ 0.041 M, (0.8%), with the primary star being
the Cepheid. The other derived orbital and pulsation parame-
ters are listed in Table 5, with the posterior distribution from
our MCMC analysis displayed in Fig. 5. We found a zero-point
offset of zp = —0.35 + 0.23km s~! for the STIS velocities.

> With  the  Python
Foreman-Mackey et al. (2013)

package emcee developed by
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Fig. 4. Result of our combined fit. Left: Fitted (solid lines) and measured primary (blue dots) and secondary (red dots) orbital velocity. Middle:
Fitted (solid line) and extracted (blue dots) pulsation velocity. Right: Relative astrometric orbit of the companion pair.
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Fig. 5. Corner plots of the Markov chain Monte Carlo posterior distributions produced from emcee for the long period orbit.

5. Discussion
5.1. The Cepheid distance

This is the second Cepheid with the most precise and accu-
rate orbital parallax measured to 1% using a combination of
interferometry and space- and ground-based spectroscopy. In
Gallenne et al. (2018), we measured the orbital parallax of the
Cepheid V1334 Cyg with an accuracy of 1% using the same
method and showed the disagreement with the most used period-
luminosity (P-L) relations and a deviation of 3.60 with the
Gaia DR2. Here, we performed a similar analysis with the
Cepheid SU Cyg. Gaia DR3 provides a parallax of 1.000 +
0.052mas, including a zero-point correction of —0.028 mas
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(Lindegren et al. 2021), which is in agreement at 1.50 with our
measurements, but our uncertainty is approximately nine times
better. Because the DR3 parallax has large uncertainties, the
zero-point correction has no effect on the agreement with our
distance estimate. The renormalised unit weight error (RUWE)
indicator of the Gaia astrometric fit is 3.44, meaning that the
astrometric solution is problematic, which is likely due to the
orbital motion of the Cepheid. Wahlgren & Evans (1998) identi-
fied the companion B as a HgMn type star of B8V spectral type,
giving a magnitude difference with the Cepheid of AV ~ 3 mag
(Evans 1995). Using our measured orbital parameters and this
contrast, we calculated the orbit of the photocentre, which we
display in Fig. 6. We see that its semi-major axis is ~1.4 mas
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Table 5. Final estimated parameters of the SU Cyg system.

Pulsation
3.84559 + 0.00007

Ppuls (da)’S)

Ty (JD) 2433 301.777
A; (kms™) -8.99 +0.43
B (kms™h) -13.59 £ 0.24
A, (kms™) -4.56 +0.21
B, (kms™) -2.86 +0.25
Az (kms™!) -2.39 +0.08
B; (kms™h) -0.24 +0.24
Ay (kms™) -0.81 £ 0.06
By (kms™h) 0.56 £ 0.16
Orbit
P (days) 549.077 £ 0.013
T, JD) 2443765.94 + 0.63
e 0.339 = 0.002
w(®) 223.16 £ 0.42
Ka (kms™) 30.25 £ 0.05
Kg (kms™) 28.59 +0.15
y (kms™1) -21.23 +£0.06
Q(°) 266.24 £ 0.24
i(®) 81.28 £0.27
a (mas) 3.052 +£0.013
a (au) 2.827 +0.009
d (pc) 9263 +5.0
7o (mas) 1.080 + 0.006
q 1.058 £ 0.015
Ma (M) 4.859 +0.058
Mg (Mg) 5.141 £ 0.041

Notes. Index A designates the Cepheid and index B the companion pair.
We note that 7 is kept fixed.

and certainly impacts the Gaia single-star model solution. As the
Cepheid is redder than its companion, the magnitude difference
in the G band is slightly larger than the estimate in the V band,
of the order of +0.1-0.2mag, leading us to expect a similar bias
in the G-band parallax. In addition, the orbital period is close
to one year. Unfortunately, there is no information in the non-
single stars catalogue of Gaia for this system (Halbwachs et al.
2023). In addition, the Cepheid is in the bright-star magnitude
range of Gaia, suffering from saturation effects in the detector,
which alter the astrometric performances of Gaia.

Our precise and independent distance measurement also
provides an independent check of the P-L relations for
fundamental-mode Cepheids, as SU Cyg is classified as pul-
sating in its fundamental mode (see e.g. Clementini et al. 2019;
Luck 2018). A reliable method to determine whether a star is
in the fundamental or first overtone mode is to examine the
period-radius relation, which is notably precise. According to
the empirical relation from Gallenne et al. (2017), the predic-
tion for a fundamental mode is ~34 R, which aligns well with
our estimate of 31.9 = 6.0 R,. Thus, the Cepheid is consistent
with being a fundamental mode pulsator. We selected a sam-
ple of published relations in the V- and K-band filters, as they
are the most frequently used photometric bands (Sandage et al.
2004; Fouqué etal. 2007; Benedictetal. 2007; Storm et al.
2011; Groenewegen 2013, 2018; Breuval et al. 2020). For each
tested P-L relation, we determined the predicted absolute mag-
nitudes for Py, which are represented in Fig. 7 as black dots. We
adopted the scatter of each relation given by the authors as uncer-

0.2

0.1F

0.0F

A (mas)

-0.1r

-0.2
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----- Photocenter
L L L 1 1 1 1 1
2.0 1.5 1.0 0.5 0.0
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-0.3}F

Fig. 6. Orbits of SU Cyg A (blue) and its companion B (red) around
their common centre of mass. The average virtual orbit of the photocen-
tre of the system is shown as a dashed black ellipse. The grey ellipses
represent the maximum and minimum shifts in the photocentre relative
to the average position, which are caused by the brightness variations of
the Cepheid during its pulsation cycle.

tainties, as this better represents the observed intrinsic dispersion
(the width of the instability strip is the dominating uncertainty in
the P-L relations). We derived the absolute magnitude with the
commonly used relation of M = m;—A,—5 logd+5, where m,
is the apparent magnitude at wavelength A, A, is the interstellar
absorption parameter, and d is the distance to the star. We cor-
rected for the interstellar extinction using Ay = 3.23E(B - V)
and Ax = 0.119Ay (Fouqué et al. 2007), with E(B — V) =
0.109 £ 0.006 (Trahin et al. 2021). For the V band, we estimated
the weighted mean apparent magnitude using a periodic cubic
spline fit of four different published light curves (Berdnikov
2008; Kiss 1998; Moftett & Barnes 1984; Szabados 1977). The
curve is shown in Fig. 8. We determined the weighted mean de-
reddened magnitude mgyy = 6.602 + 0.024 mag, where the total
uncertainty is estimated from the standard deviation of the resid-
ual values. In the near-infrared (NIR) we used the mean apparent
magnitude of mg = 5.307 = 0.015 mag from Monson & Pierce
(2011), which they determined from the NIR light curve. We
estimated a de-reddened magnitude of mpx = 5.285+0.015 mag.

We then combined this with our measured distance to esti-
mate the absolute magnitude M,, for which the total error bar
includes the uncertainties on d,A,, and m,. Figure 7 shows
the difference between the M, of SU Cyg (red area) and the
values predicted from the P-L relations in the literature (black
dots). However, the contribution of the companion must be sub-
tracted from the magnitudes. To correct for the flux contamina-
tion of the companion, we used the average magnitude difference
between the components estimated in V by Evans (1995), that
is, AV = 3 mag, and we used our measured H-band average flux
ratio from interferometry for the K band, that is, we assumed
AK = AH = 4.44 + 0.16 mag. With the distance calculated in
the present study, we can estimate the mean corrected absolute
magnitudes of the Cepheid to be My (cep) = —3.23 + 0.03 mag,
My(cep) = —4.50+£0.02 mag, and Mg (cep) = —4.55+0.02 mag.
We note that we assume a similar flux ratio in H and K, but
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Fig. 7. Comparison between the absolute magnitudes of SU Cyg predicted from P-L relations in the literature (black dots) and the present distance
measurement (blue areas), in two photometric bands. The blue areas represent the measured absolute magnitude after correcting for the flux
contamination from the companion. The green triangles represent the absolute magnitudes determined from P-L relations from the literature
using a fundamentalised pulsation period, with the downwards- and upwards-pointing triangles showing that for the longest (5.757 d) and shortest
(5.455 d) converted periods. We see that only modern-era P-L calibrations (including Gaia) seem to correctly predict the luminosity of SU Cyg.

this is a good approximation as the companion is rather faint
in the NIR and our MIRCX and MYSTIC observations pro-
vide similar flux ratios in the H and K bands, respectively
(see Table 4). From the magnitude differences, absolute mag-
nitudes for the companion pair can also be derived: we find
My(B) = -0.22 + 0.11 mag, My(B) = —0.07 £ 0.16 mag, and
Mx(B) = —0.11 = 0.16 mag. The spectral type of B8V identi-
fied by Evans (1995) for the companion Ba corresponds to an
absolute magnitude of My(Ba) ~ 0.0 mag (Pecaut & Mamajek
2013)°®, which when combined with My (B) gives a flux ratio
of fgv/fea ~ 22% in V, giving an absolute magnitude for the
component Bb of My (Bb) ~ 1.6 mag. This would correspond to
a A3V-A4V spectral type (Pecaut & Mamajek 2013), in agree-
ment with the suggestion of Evans (1995). The expected masses
from such spectral types are about 3.4 Mg and 1.9 M, respec-
tively, for Ba and Bb.

The blue area in Fig. 7 shows the absolute magnitudes of
the Cepheid corrected for flux contamination. We see that only
the relations based on direct distance estimates are in acceptable
agreement (<1.407) with our measured corrected absolute mag-
nitude of the Cepheid. This small discrepancy for Gaia can be
explained by the fact that the measurements are still not accu-
rate and suffer from various effects for pulsating stars (chro-
maticity correction, saturation, etc.), in addition to the binarity
effect, which has not yet been taken into account. The P-L rela-
tion from Benedict et al. (2007) based on the HST Fine Guid-
ance Sensor parallax is at 1.80 and 2.40, respectively, in V and
K. Breuval et al. (2020) show very good agreement, where we
used the Gaia DR2 parallaxes of wide companions of Cepheids
or their host open cluster as a proxy for the Cepheid distances,
which are thought to be less prone to systematic errors. The other
relations based on photometric measurements, which were cal-
ibrated using the Baade-Wesselink (BW) method (Baade 1926;
Wesselink 1946) to determine the distances of Cepheids, are in

6 See also http://www.pas.rochester.edu/~emamajek/EEM_
dwarf_ UBVIJHK_colors_Teff.txt
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agreement at 1.5-3.30" in V and 1.2-2.5¢0 in K with our mea-
sured luminosity.

SU Cyg seems brighter than expected, that is, by ~0.15 mag
in V and ~0.08 mag in K. One explanation would be the
presence of a circumstellar envelope (CSE), which we know
exists around other Cepheids (Kervella et al. 2006; Mérand et al.
2006; Gallenne et al. 2012, 2013; Hocdé et al. 2020a, 2021;
Gallenne et al. 2021). The infrared excess is similar to the
findings of Hocdé et al. (2020b), who estimated an excess of
~0.04 mag for this Cepheid using a multi-wavelength global
analysis with the SPIPS code (SpectroPhoto-Interferometry of
Pulsating Stars Mérand et al. 2015) and a simple power-law
parameterisation. However, this model assumes dust emission
and no excess for 4 < 1.2 um. In Hocdé et al. (2020b), we also
modelled the CSE emission with a shell of ionised gas to allow
a deficit or excess in the visible. However, this model showed a
deficit in the visible, that is, an absorption instead of an emission,
and no excess in K. Therefore, no CSE models could explain the
possible offset and reconcile the photometry-based P-L relations.

Another explanation would be an incorrect estimate of the
pulsation period, in the sense that the Cepheid does not pul-
sate in its fundamental mode but instead in its first overtone
mode. To test this hypothesis, we can assume that the pulsa-
tion period we measure is the first overtone and we can con-
vert it to a fundamental mode. Several works exist on this
topic for Milky Way and Magellanic Clouds Cepheids, but
there is still no consensus about a good empirical or theo-
retical relation to ‘fundamentalise’ the first overtone period
(Alcock et al. 1995; Feast & Catchpole 1997; Kovtyukh et al.
2016; Sziladi et al. 2018; Pilecki et al. 2021, 2024). The most
commonly used relation is that of Alcock et al. (1995) who base
their findings on Large Magellanic Cloud (LMC) Cepheids, and
estimated the ratio of the first overtone to the fundamental period
as Pi/Py = 0.720 — 0.027 log Py, while the latest relation is
Py = P(1.367 + 0.0791og P;) from Pilecki (2024) based on
Milky way (MW) Cepheids. All of these published relations pro-
vide a fundamentalised period for SU Cyg of between 5.434 and
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Fig. 8. Fitted V-band light curve of SU Cyg.

5.757 days, but none of these are in agreement with our mea-
sured value. Figure 7 shows the recalculated values of the P-L
relation using 5.434 days and 5.757 days, which are represented
by down- and upwards-pointing triangles, respectively. In V, the
photometric-based relation would be in agreement, but the rela-
tions based on the Gaia parallaxes are now not consistent. In K,
all of the above relations would be at several o from the measure-
ments. Based on this, we can confirm that SU Cyg must pulsate
in its fundamental mode, and the pulsation mode cannot be the
reason for the discrepancy between the predicted and measured
luminosity. Finally, the projection factor presents a significant
challenge in the BW method and may contribute to this offset.
Reducing its value by approximately 10% could align the pre-
dictions with those from Gaia.

5.2. The Cepheid mass and its companions

We measured a very precise dynamical mass for the Cepheid
and the companion pair, respectively, with precision at the 1.2%
and 0.8% level, respectively. To compare the dynamical mass
of the Cepheid with the evolutionary models, we used the aver-
age effective temperature Ty = 6165 + 50K and radius R =
40.6 + 0.8 R determined by Trahin (2019), who used the SPIPS
algorithm to combine all types of available data for a variable
star (multi-band and multicolour photometry, radial velocity,
effective temperature, and interferometric measurements) in a
global modelling of the stellar pulsation. We determined a lumi-
nosity of L = 2138 + 109 L, which we compared to the PAR-
SEC (Bressan et al. 2012; Nguyen et al. 2022; Costa et al. 2019)
and Geneva stellar evolutionary tracks. Both models follow stan-
dard mixing-length theory (MLT) for convective mixing with
mixing-length parameters of ayyr = 1.6 and 1.74, respectively,
for Geneva and Parsec, and both using the Schwarzschild cri-
terion to determine convective boundaries. For the convective
core overshoot, Geneva uses step overshooting with an overshoot
parameter of @,, = 0.1, while PARSEC uses the overshoot for-
malism of Bressan et al. (1981), which would correspond to a
step overshooting parameter of 0.25.

The metallicity of SU Cyg is ~0dex (Andrievsky et al.
2013), which is converted to Z ~ 0.014 for both models. We also
compared models with metallicities either side of this value, of
namely 0.01 and 0.017. Figure 9 shows tracks for a stellar mass
of 4.8 M, both without rotation and with a moderate rotation
(Q/Qqi = 0.3), to see any possible impact of additional mix-
ing due to rotation. We see that at the expected metallicity of
0.014, the two models are inconsistent, regardless of whether or
not they include rotation effects. Models predict a higher mass
than expected, as already reported in our previous works (see e.g.
Evans et al. 2018a). PARSEC models predict a mass of between
5.1 Mg and 5.6 My, while Geneva tracks predict 5.4—-6.0 M,
>0.3 M, with our measurement. The only agreement would be
with the PARSEC models, both with and without rotation, with
a metallicity of Z = 0.01 (see upper right panel of Fig. 9). How-
ever, this would imply Fe/H ~ —0.18 dex, which is in significant
disagreement with the measured value.

To check if the discrepancy could come from our measured
mass, we added 5% error to our astrometric measurements and
normalised all RVs to 1 kms~!. The MCMC analysis gave a sim-
ilar Cepheid mass, of namely 4.83 + 0.17 M., although with a
larger uncertainty, giving us confidence in the robustness of our
measurement.

The mass of SU Cyg can be compared with other well-
determined masses for the MW Cepheids, V1334 Cyg (Gallenne
et al. 2018) and Polaris (Evans et al. 2024b), and also Cepheids
in the LMC (Pilecki et al. 2018). Figure 10 shows these masses
in comparison with predictions from evolutionary tracks from
Bono et al. (2016) and Anderson et al. (2014). The Bono tracks
cover MW and LMC metallicities (for the MW, we used the rela-
tions with no main sequence convective core overshoot and with
moderate overshoot). The main sequence rotation and moderate
convective overshoot are shown for the Anderson relation (Eq.
(5) with solar metallicity). Average relations from Anderson et al.
(2016, with and without rotation) corresponding to LMC metal-
licity are also displayed. The MW Cepheids are consistently
brighter than the predictions, as are the LMC Cepheids with
respect to models without rotation, except for one on the first
instability crossing (LMC 1812), and a system that has possibly
had a binary interaction (LMC 1718 A and B). The other LMC
Cepheids are in better agreement with models including rotation.

The mass for each companion can also be determined if we
make the reasonable assumption that their orbital inclination is
identical to their orbit around the Cepheid. We previously deter-
mined the mass function f of the companion pair (see Table 3),
which combined with the inclination and the total mass My gives:

M3
Mgy, = ———, (32)
Sin i
Mg, = Mg — Mgy, (33)

We determined masses for the secondary and tertiary compo-
nents of My, = 3.595 + 0.033 M, and Mg, = 1.546 + 0.009 M,
respectively. This would correspond to stars with spectral types
of B8V and F1V, respectively. This is in good agreement with
Evans & Bolton (1990), who suggested a B7.5V star from ultra-
violet spectra for the secondary companion, and set an upper
limit on the spectral type of the tertiary companion to be later
than AOV.

5.3. The temperature of SU Cyg Ba

The temperature of the hottest star in the SU Cyg system can
be determined by comparing the IUE spectrum SWP 14773 with
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the BOSZ Synthetic Stellar Spectral Library (Bohlin et al. 2017).
This spectrum has been discussed before (Evans 1995), however
the model comparisons provide a direct link between tempera-
tures and the masses of detached eclipsing binaries (Evans et al.
2023). Details of the comparisons are provided in Evans et al.
(2024a).

The first step in the temperature determination is to obtain
the reddening E(B — V). As this was discussed by (Evans 1995)
using colours corrected for the companion, we start with the
E(B — V) = 0.109 from Trahin (2019). Using this, we de-
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reddened the IUE spectrum and ran it through a program that
compares it with models of a series of temperatures. Details of
the fitting are provided by the figures in Appendix A.

The best-fit temperature is 13 500 + 920K according to the
parabola fit to the standard deviations of the spectrum-model dif-
ferences (Fig. A.3). As in the discussion of the detached eclips-
ing binaries (DEBs), the uncertainty was also estimated visu-
ally from the spectral differences (Fig. A.2), which provides a
value of 500 K. This corresponds approximately to a B7.3V star
in the calibration of Pecaut & Mamajek (2013), which is in good
agreement with our estimate from the previous section. To esti-
mate its mass, we can use the formula relating temperature and
mass derived from DEBs by Evans et al. (2023). As is the case
for the FN Vel system (Evans et al. 2024a), because SU Cyg Ba
is the companion of a massive young Cepheid, it is at the younger
(hotter) half of the relation. Thus, the mass is decreased by 0.02
in log M. Also, SU Cyg Ba is a HgMn star, and the DEB study
of Evans et al. (2023) provides some information about those.
In the sample of DEBs, there are five Am (metallic lined) stars.
These sit above (at larger masses than) normal stars. Although
they are all cooler than SU Cyg Ba, this is an indication that
chemically peculiar stars have cooler temperatures than normal
stars. If we make an approximate correction of 0.02 in log T
for this, the mass of Ba becomes 3.75 M, and the mass of Bb
is 1.37 M. These are similar to our previous determination of
Sect. 5.2.

6. Conclusion

We report new interferometric and ultraviolet spectroscopic
observations of the binary Cepheid SU Cygni. Our measure-
ments enabled us to detect the astrometric motion of the cen-
tre of light of the binary companion and to measure their RVs.
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Combining with RVs from the literature for the Cepheid, we
were able to measure the mass of the Cepheid with a precision of
1.2% and its distance with a precision of 0.5%. Predictions from
evolutionary models do not agree with the current luminosity or
mass of the Cepheid, providing larger values than expected. We
already reported these discrepancies in our previous works for
the Cepheid V1334 Cyg and Polaris. Accounting for rotation or
core overshooting does not solve this issue.

This work also provides the most precise distance for a
Cepheid. We find a slight disagreement with Gaia at the level
of 1.50, which is acceptable, as SU Cyg is very bright and likely
saturates the camera. We used our measurement to estimate the
absolute magnitude of the star, which we compared with pre-
dictions from a few P-L relations calibrated with photometry or
parallax measurements. We find that the photometry-calibrated
P-L relations are in disagreement with our measurement, while
the parallax-calibrated relations are in better agreement.

SU Cyg is the best Cepheid in our sample, as it provides
the most precise mass and distance estimate. With our similar
previous work on V1334 Cyg and Polaris, we now have a few
Cepheids with precise dynamical mass measurements, which
can be used to calibrate stellar evolution models. Finally, V1334
Cyg and SU Cyg are bright targets and are pulsating stars, and
therefore they can serve as benchmark stars for the bright-star
mode of Gaia and can be used to test saturation effect correc-
tions and to check for systematic errors related to colour varia-
tion effects.
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Appendix A: Comparison of SU Cyg Ba spectrum with models

The spectrum of SU Cyg Ba is provided in IUE spectrum SWP 14773. In the wavelength region 1150 — 1900 A the Cepheid
SU Cyg A contributes negligible flux, as does the less massive cooler companion SU Cyg Bb. The spectrum is de-reddened by
E(B — V) = 0.109 mag, and also corrected to the HST STIS flux scale. The spectrum is compared with BOSZ atmospheres in a
series of temperatures, as shown in Fig. A.1. The differences between the spectrum and the models is shown Fig. A.2. The standard
deviations from Fig. A.2 are shown in Fig. A.3 as a function of the model temperature. The temperature found from the parabola in
Fig. A.3is 13500 £ 920K

From the absolute magnitude difference between SU Cyg A and B and the colour of Ba, the contribution to the combined mag-
nitude from the companion is found to be 0.08 mag. The E(B — V) is also recomputed from corrected colours using the appropriate
formula from Fernie (1990). The small change in E(B — V) resulted in a negligible change in the temperature of the companion Ba.
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Fig. A.1. Comparison between BOSZ models and the STIS spectrum de-reddened for E(B — V) = 0.109 mag. Models are in red and spectrum in
black. The temperature for the models is listed within each plot.
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Fig. A.2. Difference between the model and the spectrum for E(B — V) = 0.109 mag. The temperatures for the models is written on each plot. The
wavelengths between 1180 — 1250 A are omitted because of contamination by interstellar Lya absorption.
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Fig. A.3. Standard deviations from the spectrum-model comparison as the temperature of the models is changed. Dots show the standard deviation,
and triangles the parabola fit.
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