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Abstract

Previous measurements of the gravitational red-
shift of Sirius B have resulted in a mass estimate
which is significantly larger than the mass mea-
sured from the binary orbit. We have obtained
new HST observations of Sirius A and B in Cycle
25 which were used to make a differential mea-
surement of theWD gravitational redshift. Wemea-
sure a redshift of 80.65± 0.77 km s−1 which, when
combined with the radius, gives a mass of 1.017 ±
0.025 M�. The new result is in agreement with the
dynamical mass and the predictions of a C/O white
dwarf mass-radius relation with a precision of 2.5
per cent.

1 Introduction

The strong gravitational field of a white dwarf causes
light escaping from its surface to be redshifted by an
amount proportional to the mass/radius ratio of the
star (Einstein., 1916). This effect can be detected as
a shift in the wavelength of the hydrogen absorption
lines observed in the spectra of DA white dwarfs. If
the radius is measured independently, the gravitational
redshift provides a measurement of the mass. These
mass and radius measurements can be compared to
the predictions of the theoretical mass-radius relation
(MRR) first developed by (Chandrasekhar, 1931). De-
tailed tests of the MRR require mass measurements
with a precision of a few per cent in order to distin-
guish between models with different temperature and
H-layer thickness. Such precision has been achieved
for a small number of WDs in wide binaries using the
dynamical method (e.g. Bond et al. 2017a,b) based on
accurate orbit determinations. High precision (∼ 2.4%
uncertainty in mass) results have also been achieved
for eclipsing binaries (Parsons et al., 2017), although
no eclipsing systems have so far been found where the
white dwarf mass is greater than 0.84 M�.
The gravitational redshift method has the potential

to achieve a similar level of accuracy, but it has proven

difficult to correctly account for all of the systematics
which can affect the measurements. One challenge
with measuring the gravitational redshift is that the
spectrum can also be shifted due to the space motion of
the white dwarf. An independent measure of the radial
velocity is required to determine how much each effect
contributes to the observed wavelength shift. Sirius-
Like Systems consisting of a white dwarf and a main
sequence companion of type K or earlier (Holberg et
al., 2013) are ideal because the radial velocity of the
binary with respect to Earth can be measured from the
main sequence star.
Sirius B itself is a prime target for testing the MRR be-

cause it has a precisely determined orbit and dynamical
mass (Bond et al., 2017b) based on over 150 years of
observations, including a long running campaign with
HST. Observations of Sirius A have measured the radial
velocity of the binary and the orbital motions so that
these can be corrected for when making gravitational

Figure 1: Analysis of HST spectra of Sirius B taken in 2013
confirmed that the mass from the gravitational redshift (blue)
was significantly larger than the dynamical mass (shaded
rectangle) and the predicted mass from the MRR (blue line).
The mass derived using the spectroscopic method of Balmer
line fitting (red) was also inconsistent with the other two
methods. (Figure first presented in Barstow et al. 2017).
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Figure 2: Measured wavelength for each spectrum in the order in which they were observed along the x axis. Colours indicate
the target: Sirius A (red, lower markers) and Sirius B (black, upper markers). Shapes indicate the aperture used, E1 position
(crosses) and “centre” (circles). Horizontal lines show the average wavelength and vertical lines indicate the difference in
average wavelength between Sirius A and B.

redshift measurements of Sirius B.
The first modern CCD spectrum of Sirius B was ob-

tained by Barstow et al. (2005) using the Space Tele-
scope Imaging Spectrograph (STIS) on the Hubble
Space Telescope (HST). The spectrum was of excep-
tional quality compared to ground based spectra, and
free from contamination by light from Sirius A. Mea-
surement of the shift in the H-α line compared to the
rest wavelength measured in laboratories resulted in
a gravitational redshift of 80.42 ± 4.83 km s−1. How-
ever, the mass calculated in that analysis could not
be reconciled with the spectroscopic and dynamically
measured masses to confirm consistency of the dif-
ferent techniques. A further set of STIS observations
were carried out in 2013 (Barstow et al., 2017) and
improved the precision further. Unfortunately, the data
confirmed there was a definite discrepancy between
the gravitational and dynamical mass of around 10 per
cent which was larger than the measurement uncer-
tainty as shown in Fig. 1.
The question remains as to whether this discrepancy

was caused by a fundamental problem with the theory,
or simply an instrumental effect. A resolution to this
puzzle requires observations which can disentangle
any potential systematic effect from the genuine grav-
itational redshift signal. We have obtained new HST
observations of Sirius A and B which we are using to
carry out a differential measurement of the shift in the
wavelength of the Hα line (Joyce et al., 2018b). These
observations have been performed by observing Sirius
A and B with the same instrument setup over a single
HST orbit so that it is possible to distinguish systematic
instrumental effects from the gravitational redshift.

2 The observations

The data for this study were obtained as part of GO
program 15237, (PI Joyce) in cycle 25 at the start of
2018. The data consist of 4 exposures each for Sirius A
and B. All spectra were taken with the G750M grating
which covers the wavelength range 6295 – 6867 Å
and captures the broadened wings of the WD Hα line
centred at∼ 6564 Å. A slit was used to ensure that only
light from the targeted star entered the spectrograph.
The orientation of the spacecraft was selected so that
the long slit would be perpendicular to the line joining
Sirius A and B. This ensures that the slit does not go
across both stars. The position of the target along
the slit changes due to the use of both the standard
position, with the spectrum at the centre of the CCD
(row 512), and the pseudo E1 aperture position which
places the spectrum closer to the top of the CCD (row
898).
The telescope was first pointed as Sirius B to obtain

two exposures at the E1 position. The telescope was
then moved to Sirius A and further exposures were
taken without any intervening changes to the instru-
mental set up so as to minimise the possibility of sys-
tematics introduced by moving slits and filters. A total
of four spectra were obtained for each target.

3 Analysis

All spectra of Sirius B were checked for possible con-
tamination by light from Sirius A but no evidence of
scattered light was found.
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Figure 3: Mass measured from the gravitational red-shift at the E1 position (green diamond) compared to the mass from the
dynamical method (dark blue square, Bond et al., 2017b). The red diamond (right) is the gravitational red-shift mass from
the ’centre’ position. The solid and dashed lines are Fontaine, Brassard & Bergeron (2001) C/O core mass-radius relations for
thick and thin H-layer respectively. The (green) MRR is for a temperature of 25,922 K which is the appropriate Teff for Sirius B
according to the spectroscopic fits to the G430 data. Red and blue lines either side are for 10,000 K and 40,000 K respectively.

The wavelength of the observed Hα line in the Sirius
A and B spectra was measured by fitting a Lorentzian
model to the core of the line. The fitting makes no
assumption about the rest wavelength and is simply a
measure of the wavelength at the centre of the line.

To accurately measure the wavelength of the line
centre, the fitting for each line was repeated four times
with a slightly increased wavelength range each time.
The ranges used are 7,11,15 and 19 Å. These were
chosen so as to focus on the sharply defined line core
and avoid including too much of the wings which may
be affected by the Stark pressure shift and asymmetry.
Tests of lab based plasma have shown that the Stark
shift in the Hα line increases with increasing distance
from the line core (Halenka et al., 2015). For the
wavelength ranges we have chosen (7 – 19 Å), the
effect of the Stark shift is expected to be below 1 km s−1

based on simulations and observations of plasma in the
laboratory (Halenka et al. 2015, see their Fig. 13).

The observed velocity is calculated from the differ-
ence in the measured wavelengths between Sirius A
and Sirius B. Fig. 2 shows the measured wavelength
of each Hα line in the order in which they were ob-
served. The markers are black for Sirius B and red for
Sirius A. This clearly highlights the difference caused
by using the E1 position (diamonds) compared to the
centre position (circles). The horizontal lines indicate
the average wavelength measured for the E1 spectra
(solid line) and centre spectra (dashed line). The wave-
length difference is converted into a velocity using

equation (1):

vobs =
λB − λA
λA

× c. (1)

The observed velocity was corrected by adding 3.198
km s−1 to account for the relative motion between
Sirius A and B resulting from the binary orbital motion.
Corrections were also applied for the motion of HST
as the telescopes orbital motion moves it towards or
away from the target at up to ±7.5 km s−1. There is
also a correction of -0.759 km s−1 for the gravitational
redshift of Sirius A.

4 Results

For the spectra taken at the E1 position, the final veloc-
ity attributed to the gravitational redshift (vgr) is 80.65
± 0.77 km s−1 . The mass is calculated from vgr and
the radius using equation (2). In this equation vgr is in
km s−1 andM and R are in solar units. The radius of
0.803 ± 0.011 R�/100 was calculated from the flux in
the G430L spectra as described in Joyce et al. (2018a)
and uses a parallax of 378.9 ± 1.4 milliarcseconds
from Bond et al. (2017b):

M =
vgrR

0.636
. (2)

The E1 spectra give a mass of 1.017 ± 0.025 M�.
For the spectra taken at the centre of the CCD, the
same process gives a slightly larger mass of 1.036 ±
0.025 M�. The mass resulting from the differential
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redshift measurement is in excellent agreement with
the theoretical MRR for a C/O core WD with a Teff of
25,922 K (Fontaine, Brassard & Bergeron, 2001) shown
by the green line in Fig. 3. This is clear evidence that
white dwarfs follow the expected trend of decreasing
radius with increasing mass.
For comparison, the dynamical mass from Bond et

al. (2017b) is also plotted (blue square). The data
points for the E1 redshift (green diamond) and dy-
namical mass (blue square) are directly on top of one
another despite being obtained using completely dif-
ferent methods.

5 Conclusions

Our analysis has shown that the gravitational redshift
method is a reliable and accurate way of measuring the
mass of a white dwarf. However, there are a number
of corrections and systematic effects which must be
carefully considered before attributing the measured
wavelength shift to the gravity of the white dwarf. Any
movement of the source or detector produces a Doppler
shift in the spectrum which is indistinguishable from
the gravitational shift unless further information is
available. Furthermore, the calibration of the spec-
trum, and the rest wavelength it is compared to, can
systematically alter results. The differential method,
where a companion star spectrum is used as a reference,
can successfully reveal these sources of error.
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