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INTERFEROMETRIC OBSERVATIONS OF RAPIDLY ROTATING STARS

G. T. van Belle1

RESUMEN

Desde el año 2001, los interferómetros ópticos han resuelto espacialmente las superficies no esféricamente
simétricas de estrellas calientes que rotan rápido. Estas observaciones han revelado que estas estrellas tienen
fotósferas de forma estirada debido a la gran aceleración centŕıpeta, con la caracteŕıstica de tener dramáticos
gradientes de temperatura desde el polo hasta el ecuador debido al oscurecimiento por gravedad. Aqúı se
presenta una breve discusión sobre los fundamentos básicos, los resultados actuales y las perspectivas futuras.

ABSTRACT

Optical interferometers have been spatially resolving the non-spherically symmetric surfaces of rapidly rotating,
hot stars since 2001. These observations have revealed these stars to have photospheres stretched out of shape
due to nearly overwhelming centripetal acceleration, with characteristic, dramatic temperature gradients from
pole to equator due to gravity darkening. Herein is presented a short discussion on the background of the topic,
current results, and future prospects.
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1. INTRODUCTION

Historically, parametrization of fundamental stel-
lar quantities has incorporated the subtle yet far-
reaching assumption of the spherical symmetry of
stars. This assumption has persisted for two reasons
–first, the overall success it has had in characterizing
stars, and second, the degree to which observational
data was not available to provide guidance other-
wise. “It is a capital mistake to theorize before one
has data” said Sherlock Holmes (Doyle 1887)– an
observation that has not universally prevented ad-
venturous (and highly speculative) forays into the-
oretical landscapes far from the observational path
in astrophysics. However, the degree to which ro-
tation has been embraced as a fundamental stellar
parameter over the past century has been limited at
best. With the application of modern interferomet-
ric techniques, we are beginning to directly see that
the appearance, structure, and eventual evolution of
hot stars is substantially altered by rotation – for
some objects, extremely rapid rotation.

2. HISTORY

2.1. Spectroscopic Underpinnings

The very beginnings of investigations of stellar
rotation can be traced to Galileo’s observations of
sunspots (Drake 1957). However, for application fur-
ther afield to the stars, development of the tool of

1European Southern Observatory, Karl-Schwarzschild
Str. 2, 85478 Garching bei München, Germany (ger-
ard.van.belle@eso.org).

spectroscopy was necessary, although there is clearly
evidence for consideration of the effect of rotation
in the intervening years upon other astronomical
observables, such as photometry (cf. the work of
Bouillaud in 1667 on Mira, and later by Cassini,
Fontenelle, and Miraldi as presented in Brunet 1931).
Thus, some 12 generations after Galileo, the rotation
effect on spectral lines was actually measured first by
Schlesinger (1909, 1911) for the eclipsing binaries λ

Tauri and δ Libræ, leveraging the eclipse event to
see variations in apparent radial velocity, as the less
luminous companion occulted varying parts of the
rapidly rotating primary. This effect was formally
developed by Rossiter (1924) and McLaughlin (1924)
and is now commonly referred to as the ‘Rossiter-
McLaughlin’ effect, a phenomenon now commonly
observed with transiting extrasolar planets and is
even a tool for probing the alignment of the orbital
plan relative to the stellar rotation axis (see e.g.,
Winn et al. 2005).

In parallel with these efforts, it was demonstrated
by von Zeipel (1924a,b) that the local surface bright-
ness at any point on a star is proportional to the local
effective gravity (under the assumption of rigid body
rotation), and as such, the temperature at the poles
would be greater than at the equator for a rotating
star. It was Slettebak (1949) who took the implica-
tions of the ‘von Zeipel effect’ and deduced its fur-
ther implications for line shapes of rapidly rotating,
bright stars. These implications were developed in
detail in Collins (1963, 1965) for continuum emission,
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Fig. 1. Illustration of the phenomenon using a simple Roche model. Appearance is for two identical stars (Rpole = 3 R�,
d = 25 pc, α = 0◦, i = 80◦); the star on the left is rotating with ω = 0.92, while the star on the right has only ω = 0.001.
No contribution to pole flattening or consequences of limb and/or gravity darkening is included in this simple toy model.

and Collins & Harrington (1966), who incorporated
shape distortion, aspect effects, gravity & limb dark-
ening, and latitude variation in calculating H-β pro-
files. An illustration of the gross appearance effects
that rapid rotation imparts upon stellar morphology
is see in Figure 1.

2.2. Interferometric Observations

It is unclear as to when the opportunity of di-
rectly measuring stellar rotational distortion with
optical interferometry2 was first seriously considered.
The advent of the first angular diameter measure-
ment of Michelson & Pease (1921) with the 20-foot
beam interferometer on the Hooker 100” was the
technology gate that opened up the possibility of
such measurements. However, it is clear that the
expectation of potential observations did not fully
develop until the spectroscopic rotational velocities
were themselves surveyed between 1930 and 1960,
and the implications of the extremes of those veloc-
ities evaluated, beginning in the 1960’s.

Indeed, the entire field of stellar angular diam-
eter measurements lapsed into a state of dormancy
for more than 3 decades, until the innovative (and
downright audacious) proposal by Hanbury Brown
& Twiss (1956) to pursue this field with intensity in-
terferometry began to produce results. These efforts

2‘Optical’ interferometry is the term commonly used to
refer to interferometry in the visible and near-infrared. This
technology family is separate from radio interferometry in its
homodyne, rather than heterodyne, nature (e.g. mix-and-
detect, rather than detect-and-mix).

led to the construction and operation of the Narrabri
Intensity Interferometer (NI2), which produced sem-
inal results on single star diameters (Hanbury Brown
et al. 1974) and binary star orbits (Herbison-Evans
et al. 1971). The success of the NI2 in this regard,
combined with the maturity of the underlying the-
ory of rapid rotators that predicted observable ef-
fects, led to early attempts to consider using NI2

to observe the oblateness of Altair, as described in
the PhD dissertations of Jordahl (1972) and Lake
(1975). Unfortunately, the northern hemisphere lo-
cation (δ = +8◦52′) of Altair is at odds with the
southern location of Narrabri (latitude = −30◦19′)
and only a limited amount of observing time was
available when the star was above the horizon. This
in turn limited NI2’s ability to collect a sufficient
range of baseline projections upon the object, and no
detection of oblateness was made. The completion
of NI2 operations brought this second era of optical
interferometry to a close with no detection of this
phenomenon.

The third, and current, generation of optical in-
terferometers has been where success has finally been
found in probing more than just 1-dimensional char-
acterizations of stellar sizes. Many of the facilities
are characterized by multiple apertures, some even
being relocatable, providing access to multiple base-
lines and position angles upon the sky.

Stellar oblateness was finally detected when van
Belle et al. (2001) observed Altair with Palomar
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Testbed Interferometer (PTI) on two baselines, lead-
ing to disparate uniform-disk size measurements,
particularly in comparison to the two sizes on the
check star Vega, which did agree. Application of
a multi-parameter Monte Carlo solution, patterned
after the similar technique applied to Keplerian or-
bit solutions for interferometric data (Boden et al.
1999), indicated a v sin i = 210 ± 13 km s−1, in
agreement with spectroscopic values. The data was
insufficient to further constrain the inclination i or
characterize gravity darkening, but a new sub-field
in optical interferometry had been opened up by this
study.

Subsequent observations of rapidly rotating stars
have been carried out with the more capable facili-
ties VLTI, NPOI, the CHARA Array. These ensu-
ing data sets have been sufficiently rich to allow for
full parameterizations of the observed objects, in-
cluding constraints on inclination and gravity dark-
ening. There have been, to date, six objects studied
in-depth, which are summarized in Table 1. The
typical solution set from these investigations have
provided direct, observational constraints on:

• 3D orientation – both on-sky orientation of ro-
tational axis and inclination of that axis to observer
line-of-sight

• Stellar radius – both equatorial and polar

• Absolute rotational velocity

• Effective temperature and gravity darkening –
as a function of latitude, leading to the concept of
‘local’ Teff

The astrophysical implications of this level of de-
tail in characterizing individual stellar objects are
considerable. For example, observations of Vega by
Aufdenberg et al. (2006) led the investigators to sub-
stantially refine (some might say, revise) the nature
and absolute amount of bolometric flux being pro-
duced by this star. Given Vega’s historic role as
a spectrophotometric standard object, these results
potentially have far-reaching implications. In the
case of Regulus, it was noted in the press release as-
sociated with the paper (McAlister et al. 2005, but
interestingly enough, not in the paper itself) that
the orientation of the axis of rotation was aligned
with the direction of the star’s proper motion. Such
an observation –impossible before the CHARA Ar-
ray investigation– has at least passing implications
for considering the star formation environment and
dynamic history of Regulus. Determinations of grav-
ity darkening for these objects has the potential to
revise the perspectives held on the radiative versus
convective natures of the outer atmospheres of these
hot stars, particularly in light of how some of these
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122 VAN BELLE

Fig. 2. Image of Altair presented in Monnier et al. (2007),
overlaid with latitude/longitude grid and axis of rotation,
consistent with appearance upon sky, including orienta-
tion (N is up, E is left) and gravity darkening leading to
a hot, bright ‘spot’ at the high latitudes.

objects bridge the gap between being ‘hot’ and ‘cool’
with temperatures that vary greatly from their poles
to their equators.

3. THE FUTURE OF OBSERVATIONS OF
RAPID ROTATORS

As noted in the catalog suggested by van Belle
et al. (2004), there are literally dozens of objects
for which this sort of in-depth analysis is possi-
ble with currently available facilities, such as VLTI
or CHARA, or those under construction, such as
MROI. One limiting factor up until recently has been
substantial observing time investment required per
star to collect a sufficiently rich dataset necessary
for the multi-parametric characterization task. How-
ever, with the advent of multi-baseline beam combin-
ers, such as MIRC, AMBER, and PIONIER –and
their substantially richer data cubes– this hurdle ap-
pears to be subsiding markedly: already the MIRC
team has published multiple objects in short order
(Monnier et al. 2007; Zhao et al. 2009) with more on
the way (see Figure 2).

Additionally, these combiners allow not just for
better, quicker collection of the observational data,
they extend this line of investigation in two im-
portant ways. First, the increase in quantity and
type of data allow for simple imaging of the objects,
rather than just model-fitting. Second, the speed
with which the data cubes can be collected open the
door for examination of time-variable phenomena —
for example, if there are any subtle surface features
such as spots that rotate in and out of view.

My expectation is that this area of research will
continue to mature and develop. Within the next
5 to 10 years it would not be unreasonable to see a
moderate-scale survey of this nature, covering one or
two dozen objects in a uniform study at one of the
newer facilities. Additionally, long-term monitoring
s of a smaller number of objects will also take place
for the brighter prototypes. An aesthetically pleas-
ing by-product of such investigations will be “fam-
ily portraits” of our immediate neighbors; the more
practical result will be unparalleled insights into the
structure and evolution of these stars.
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