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One of the three classical tests for general relativity is the
gravitational redshift of light or other forms of
electromagnetic radiation. However, in contrast to the
other two tests – the gravitational deflection of light and
the relativistic perihelion shift -, you do not need general
relativity to derive the correct prediction for the
gravitational redshift. A combination of Newtonian
gravity, a particle theory of light, and the weak
equivalence principle (gravitating mass equals inertial
mass) suffices. It is, therefore, perhaps best regarded as
a test of that principle rather than as a test of general
relativity.

The gravitational redshift was first measured on earth in
1960-65 by Pound, Rebka, and Snider at Harvard
University, who examined gamma rays emitted and
absorbed by atomic nuclei. The gravitational redshift of
light coming to us from the sun has also been observed,
but the accuracy is not very good because of gas
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motions on the solar surface: Whenever light is emitted
by a moving source, there is a motion-dependent
frequency shift called a Doppler shift, and in the case of
the sun, the Doppler shifts due to the moving gas are
somewhat larger than the gravitational redshift due to the
light having to climb out of the field of the sun.

Gravitational redshift in white dwarf
stars

The expected amount of redshift for light from the
surface of a massive object reaching a distant observer is
proportional to the object’s mass divided by its radius.
This means that the stars astronomers call White Dwarfs,
which are formed when low-mass stars like our sun have
exhausted their nuclear fuel, are interesting candidates
for observation: White dwarfs have masses close to that
of the sun, but radii smaller by factors near 100. The
following illustration shows the relative sizes of our sun,
the earth, and a White Dwarf star. The sun is so large that
we can only show some part of its disc here; the earth is
the pale blue dot and the White Dwarf the pale grey dot
in front of that disc:
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Consequently, the shift should be much larger for them
than for our sun – parts in 10,000 in wavelength, rather
than parts in 1,000,000. Perhaps the best known white
dwarf is Sirius B, the white dwarf companion to the star
Sirius you might have seen in the night sky. It is not an
object visible with the naked eye, but it can be observed
with telescopes – the following image was taken with the
Hubble Space Telescope; Sirius B is the small object
visible on the left-hand side; the cross-like structure and
the small ring around Sirius B are artefacts caused by the
telescope’s optical systems:
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Image: NASA, ESA, H. Bond (STScI) and M. Barstow (Univ. of Leicester)

The very small radius of Sirius B was recognized in the
1920s, and several efforts were made to measure the
gravitational redshift of light reaching us from Sirius B,
particularly by Walter S. Adams at Mt. Wilson
Observatory. Everyone liked the result he obtained, and
so it was only decades later that anyone noticed or
complained that about half the light he was studying was
really scattered from the much brighter Sirius A.

As Sirius A and B orbit each other, their apparent
separation in the night sky changes from year to year.
From 1930 to 1950, the two stars were so close together
in their mutual orbit that no measurement was possible.
The first correct determination was probably that of
Daniel M. Popper in the 1950s, and this was much



improved upon by Jesse L. Greenstein and his colleagues
using the 200 inch telescope on Palomar Mountain in
1970. The result agreed with general relativity (or the
equivalence principle, as you prefer).

Gravitational redshifts as a tool for
stellar physics

The modern reason for measuring Einstein redshifts of
light from white dwarfs is to test our understanding of the
structure of these burnt out cinders of stars, whose
internal physics is very different from that of the sun and
other normal stars. Gravitational redshift tells you the
ratio of the star’s mass to its radius, M/R. There is
another quantity that is measurable from stellar spectra,
the surface gravity of the star (the thing that is 9.81
m/sec² on earth – the acceleration experienced by a
falling body near the surface). This second quantity tells
you the ratio of the object’s mass to the square of its
radius, M/R². Combining the two quantities, one can
extract both the object’s mass M and its radius R.

There are, however, some problems. First of all, you must
know the motion of the white dwarf through space. After
all, motion produces a shift in wavelength of its own,
namely a Doppler shift. If you want to deduce the
gravitational redshift from the measured wavelengths of
the star’s light, you first need to know how these
wavelengths are changed by the Doppler shift.
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This problem can be solved for white dwarfs with normal
binary companions (like Sirius), and for those in star
clusters like the Hyades – in both cases, there is
sufficient observational data to reconstruct stellar
motion, and thence the Doppler shifts. Alternatively, one
can evaluate the gravitational redshift statistically for a
large sample of observed objects distributed over the
sky. If your sample includes a sufficiently large number of
stars, then some will be moving towards you, others away
from you. If you compute the average observed
frequency shift, then the contributions of the different
Doppler effects will roughly cancel out, and you will be
left with the gravitational redshift.

The second problem concerns the “spectral lines”,
characteristic maxima or minima of light emission, which
astronomers use to pinpoint shifts in wavelength. Ideally,
spectral lines correspond to light emitted or absorbed at
a single characteristic frequency – as the positions of
these lines change, astronomers can measure the
frequency shift. In practice, though, spectral lines are
widened and cover a whole range of frequencies. Behind
this are several effects, from flows in the stellar gas
contributing small Doppler shifts to interaction among the
gas atoms, and so forth. Because of the strong surface
gravity of white dwarfs, their spectral lines are up to a
hundred times more smeared out than for normal stars.
With such wide lines, it is very difficult to determine exact
values for the frequency shift. Further effects, such as



scattering of light in the upper atmospheres of the stars,
increase this difficulty. Oh, and the stars are also very
faint.

Results from the white dwarf surveys

The first sample of white dwarf spectra large enough to
attempt a statistical study was compiled by Greenstein at
Palomar in the 1950s and 60s, for somewhat different
purposes – Greenstein’s main interest at the time was the
chemical composition of stars. Attempting to measure
the gravitational redshift was assigned to a graduate
student, Virginia Trimble, as a second year research
project in 1965, partly because it was thought to be
impossible.

The most important conclusion was, perhaps, that the
task was possible after all. In addition, the implied
masses, derived from a combination of the observed
redshifts (M/R) and models for a different relationship
between M and R that comes from the physics of very
dense matter were in between the 0.4 solar masses of
the white dwarf designated “40 Eri B” (companion of the
star 40 Eridani in the constellation River Eridanus) and
the 1.0 solar mass of Sirius B known from their orbits
around their normal companions. And the masses for the
relatively young white dwarfs in the Hyades cluster were
probably somewhat larger than average. All these results
are still valid today.



When astronomers give values for the gravitational
redshift, they usually quote a speed value – this is simply
the speed at which a body would need to recede from
you to produce the same redshift by means of the
Doppler effect. In the Palomar survey, the average white
dwarf appeared to have a redshift near 53 km/s,
corresponding to an average mass near 0.75 solar
masses, while the companion of 40 Eridani showed only
23 km/s redshift, consistent with its known, smaller mass.
In the 1980s, Koester, Stauffer, and Wegner all measured
gravitational redshifts in additional samples of stars
beyond the 80 studied by Greenstein and Trimble, finding
a somewhat smaller average near 44 km/s and
correspondingly smaller average mass, perhaps 0.65
solar masses.

Getting Sirius with the Hubble Space
Telescope

There is no doubt that the gravitational redshift published
by Greenstein and his colleagues in 1971 was a very
important result. However, the difficulty of the
measurement, particularly due to the proximity of Sirius
A, left an uncertainty in the measured value that was too
large to differentiate between alternative models of white
dwarf interior structure. A further problem was the limited
quality of the photographic spectra, from which other
important physical parameters, the stellar temperature
and surface gravity are measured. Since this pioneering



work, we have entered the electronic age of optical
astronomy. Modern cameras can record information with
much higher sensitivity than photographic film, and the
resulting data can be analysed with modern
computational techniques. However, the presence of
Sirius A remained a problem – that is, until the advent of
modern space-based telescopes like the Hubble Space
Telescope (“the Hubble”, for short)!

From its vantage point above the Earth’s atmosphere, the
Hubble Space Telescope can be used to obtain sharper
images than generally available from ground-based
telescopes. As a result, the amount of scattered,
contaminating light for Sirius A can, in principle, be
dramatically reduced. However, for most of the lifetime of
Hubble, Sirius B has been in an unfavourable position
relative to Sirius A. Hubble was launched in 1990, and
Sirius B made its closest approach (as projected on the
plane of the sky) to Sirius A during 1993. Now, as the
distance between the two binary companions has
increased and high quality direct images of the system
have been obtained with Hubble, it has become feasible
to obtain an observation of Sirius B. The following figure
shows two spectra that were recorded in 2004 with the
Hubble’s “Space Telescope Imaging Spectrograph”
(STIS):



[Image after fig. 4 in Barstow et al., Mon.Not.Roy.Astron.Soc. 362 (2005)
1134-1142.]

Using different configurations of the instrument, two
spectra were recorded. On the right-hand side, you can
see a spectral line – a dip in the curve – that is called Hα
(where H stands for hydrogen). This part of the spectrum
was recorded at relatively high spectral resolution, and it
was used to make the redshift measurement. The left-
hand part of the curve is a lower resolution spectrum.
The spectral lines visible in this part of the spectrum
were used to measure the stellar temperature and
surface gravity. All these lines are what is known as
“Balmer lines”, the collective name for one of the sets of
spectral lines associated with hydrogen.

The newly measured gravitational red-shift of 80.42±



4.83 km/s for Sirius B, published by Martin Barstow and
colleagues, is much more accurate than before, and in
good agreement with the earlier measurement.
Combining this result with the temperature and gravity
measurements made from the Hubble spectrum provides
new determinations of the stellar mass and radius of
Sirius B which are of unprecedented precision, at
0.978±0.005 solar masses and 0.00864 ± 0.00012 solar
radii respectively, and can provide a strong test of the
theory of white dwarf structure.

Measurements, models, and masses

However, measurements like those obtained for Sirius B
are not available for many stars. The majority of known
white dwarfs are not in binary systems and estimates of
their masses can only be made combining detailed
examination of their spectra, which yield a value for the
surface gravity M/R², with models of the interior structure
of white dwarfs – the models give a relation between M
and R; taken together, measurements and models allow
the determination of both M and R separately. The
importance of the Sirius B result is that it verifies the
reliability of the models.

So what are the typical masses of white dwarfs? The
answer to this is not obtained as directly as one might
think, as, in standard surveys, both the white dwarfs with
the smallest masses and those with the largest masses
are more likely to be overlooked. For small masses, this is



because, over time those stars fade more quickly from
view than their more massive kin; the white dwarfs with
the largest masses, on the other hand, are fainter to
begin with. But taking this bias into account in the
statistical evaluation, the average mass for white dwarf
stars is found to be about 60% of the solar mass. But
there are is also a significant number of white dwarfs with
a mass as small as 0.4 or as large as 1.3 solar masses.
The latter value is close to the maximum mass allowed for
stable white dwarfs, the so-called Chandrasekhar mass.
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