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Have astronomers found a star older than the
universe?

The theory of the Big Bang is accepted nearly universally among the scientific
community. However, there are is a small cadre of individuals who dispute this
consensus and they point to a handful of datums that don't fit into the picture. One such
datum is the existence of a star with an age reported to be older than the cosmos itself.
This star is called the Methuselah star, named after the biblical patriarch. Obviously, if
the age of this star is truly older than the universe, it would be a discovery of
considerable concern to those who accept Big Bang cosmology. In the following text, |
describe the debate, beginning with a brief historical treatment of the early discoveries.
| have made this choice because the early papers are easy to understand and are
accessible suggested reading for introductory students interested in the origins of some
of the key evidence supporting the Big Bang.

| then describe the statistical tension between the respective age measurements of the
Methuselah star and the universe. | show that the tension is illusory and that the two
measurements are consistent within stated uncertainties. | follow with a description of
the two individual measurements and show current limitations. | will end with a review
of both measurements, describing the origins of the uncertainties and address the
possibility that the very precise estimate of the age of the universe currently accepted
by the cosmology community might need to be revisited. The entire story is fascinating
as it interweaves certainty, uncertainty, and the need to revisit generally accepted
certainty. Itis an excellent example of the evolving nature of scientific knowledge.

Origins of the Big Bang Theory

The first decades of the twentieth century marked the beginning of modern cosmology.
In 1912, Henrietta Leavitt published a paper [1] studying Cepheid variable stars in the
Small Magellanic Cloud. Cepheid variable stars vary in intensity over time periods
ranging from a couple of days to a few months. She established a linear relationship
between the logarithm of their brightness and the logarithm of the number of days
between consecutive peaks. This study was a crucial first step in determining the
distance of astronomical objects to Earth. (Because of the era, the titular author of the
paper was Edward Pickering, although the opening line notes that the statement was
prepared by Miss Leauvitt.)

In 1917, Vesto Slipher studied what were called at the time “spiral nebulae,” but what
modern astronomers call spiral galaxies. In Slipher’'s time, the idea of galaxies other
than the Milky Way was an idea still in his future. In his studies, he observed a shift in
the spectrum of light from most galaxies, which he interpreted as arising from the
Doppler effect. Using the spectral shift, he determined velocities of these nebulae [2].
Most were receding from Earth, with velocities up to 1,100 km/s, although a few were
approaching, with velocities up to 300 km/s. Figure 1 is a picture of Leavitt and Slipher.
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Figure 1: Henrietta Leavitt (left) and Vesto Slipher (right) made key scientific advances
that helped us understand the nature of the cosmos. (Credit: Leavitt, Schlesinger
Library, Radcliffe Institute, Harvard University; Slipher, Emilio Segre Visual Archives)
[End caption]

Figure 2: Edwin Hubble used tools devised by earlier researchers and realized that
there are galaxies beyond the Milky Way and that our universe is expanding. (Credit:
Johan Hagemeyer) [End caption]
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Figure 3: Georges LeMaitre (left) and Albert Einstein (right) independently provided key
insights that led to the creation of the Big Bang theory. (Credit: Bettmann Archives)
[End caption]

Edwin Hubble (Figure 2) combined the techniques pioneered by Leavitt and Slipher and

determined two things. First, in 1926 he determined that spiral nebulae were at such
large distances that they were outside the Milky Way [3]. He had discovered galaxies.
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And three years later, he published a paper that established a linear relationship
between the distance these galaxies were away from Earth and their recessional
velocities [4]. Hubble’s initial studies were primitive by modern standards, but
subsequent scholarship has validated his claims. In round numbers, galaxies recede
from the Earth at a velocity of 70 km/s for every megaparsec of distance [5]. This linear
relationship is now called Hubble’s law. (More precise measurements [6] of this cosmic
parameter reveal a tension among several methods for determining it. | will return to
this later.)

On the theoretical side of things, Albert Einstein proposed in 1915 his theory of general
relativity, which described gravity as being caused by distortions of space due to matter
and energy [7]. This theory had many consequences, including relevance to the
universe as a whole. The first attempt to apply Einstein’s theory to the evolution of the
universe was accomplished in 1927 by Georges LeMaitre, a Belgian priest [8]. In this
paper, he investigated the consequences of an expanding universe and he proposed
Hubble’s law two years before Hubble did. Ordinarily, scientific precedence suggests
that LeMaitre should be credited with the advance, but he published in a little-read
Belgian journal and his result was not translated into English until 1931 [9]. LeMaitre
explored the logical implications of his ideas and realized that the consequence of an
expanding universe was that it was smaller in the distant past. Pushing his ideas to the
logical extreme, he realized that the universe must have expanded from an initial point,
which he called the “primeval atom.” Einstein and LeMaitre are shown in figure 3.

With Hubble and LeMaitre’s work, the theory of the Big Bang was on solid footing.
LeMaitre predicted a changing universe, as a steady state solution to Einstein’s
equations was unstable. And his analysis showed that for an expanding universe, the
velocity of distant galaxies would be proportional to their distance from Earth. This is
exactly what Hubble saw.
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Figure 4: The cosmic microwave background radiation (CMB), measured by the Planck
collaboration. The CMB is a black body spectrum implying essentially a uniform
temperature throughout the cosmos. The small residual variations of +300 pK (seen
here) are fossil remnants of sound waves present in the universe 380,000 after the Big
Bang. (Credit: Planck collaboration/ESA) [End caption]
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Age of the Universe

Cosmology has advanced over the last century. The observation of the cosmic
microwave background radiation (CMB) in 1964 [10] strongly supported the theory of
the Big Bang, as did the agreement between prediction and observation of the hydrogen
to helium ratio in the early universe (the prediction was H:He = 3:1 by weight) [11]. In
1992, the Cosmic Background Explorer (COBE) observed 0.01% variations in the
cosmic microwave background radiation [12], with improved measurements by the
WMAP [13] and Planck [14] satellites. These variations were predicted and they reflect
pressure differences caused by sound waves that existed in the universe a mere
380,000 years after the universe began. Figure 4 shows an image of the CMB recorded
by the Planck collaboration.

Figure 5: The Sloan Digital Sky Survey (SDSS) map of distant galaxies. Each dot is a
galaxy. The yellow dots are the initial survey of all galaxy types. White dots are of
luminous red galaxies (LRG) with the original equipment. Red dots are LRGs using the
BOSS upgrade. (Credit: Michael Blanton (NYU)/SDSS) [End caption]

Another set of measurements relevant to determining the evolution of the universe were
reported by the Sloan Digital Sky Survey (SDSS) and similar collaborations. These
measurements determined the positions of approximately four million objects, including
nearly a million galaxies, throughout the universe. The original measurements, reported
in 2003, extended to distances about two billion light years away from Earth [15]. More
recent data releases [16], using the improved BOSS instrument and focusing on
luminous red galaxies, has extended the distance to 7.3 billion light years. And, when
active galactic nuclei are included, the collaboration has imaged objects as far away as
21 billion light years. (All distances are the object’s current distance from Earth. These
distances include the effects of the universe expanding since the light was emitted.)
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Figure 5 shows a map of the location of galaxies out to a distance of 7.3 billion light
years. The figure shows that on large scales, the matter of the universe is distributed
uniformly; however, on length scales of a few hundred million light years, the universe
has a rich structure, with locations in which galaxies are clustered and other locations
that are essentially voids. This structure is reminiscent of soap bubbles within a vast
cosmic foam. The origin of the structure is sound waves in the early universe which
resulted in areas with slightly higher and lower density. These small density variations
were amplified over the eons, as high-density regions exerted more gravity on
surrounding matter, causing matter to become more localized.

Using the sorts of data described here (and much more), cosmologists performed a
global fit of all of the data to determine a vast array of cosmic parameters, including an
estimate of the age of the universe. With all data taken into consideration, they
determined an age of the universe of 13.799 + 0.021 billion years [17].

An ancient star

In 1912, Walter Adams was using the new three-prism stellar spectrograph at the Mt.
Wilson solar observatory. He noticed a star named HD 140283 as having an
anomalous spectrum for a star of its luminosity [18]. It wasn’t until 1951 that Joseph
Chamberlain and Lawrence Aller realized that the chemical composition of this star was
predominantly hydrogen and helium and a remarkable deficit of heavier elements [19].
HD 140283 and similar stars were key data that helped astronomers realize that the
origin of heavier elements comes from stellar fusion, meaning that stars that are
unusually deficient in elements heavier than helium are necessarily old [20, 21]. In
essence, they realized that HD 140283 was an old star — what astronomers call a
Population Il star.

There are three broad categories of stars: |, I, and Ill [22]. Population Ill stars are
entirely theoretical, as no Population Il stars have been seen. They were the first stars
to begin shining after the Big Bang. Their composition would have been very similar to
the primordial mix of hydrogen and helium, which existed in the ratio of H/He = 75/25%
by weight. These stars were large, and they assembled just a few hundred million
years after the universe began. Because they were large and had no heavy elements,
they burned fast and died young in spectacular supernovae that seeded the universe
with heavier elements.

Population Il stars were formed shortly after that, with a hydrogen/helium mixture that
approached the primordial brew, but with a leavening of heavier elements. HD 140283
is a Population Il star. Some other Population Il stars also lived their lives, fusing
hydrogen and helium into heavy elements. When they died, they further enriched the
cosmos with a greater concentration of heavy elements.

Our own sun is a Population | star, born out of the murky mix of hydrogen, helium, and
heavier elements. Our sun is about 4.5 billion years old.
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Since HD 140283 is a Population |l star, it is older. In fact, it is the oldest star with a
well-determined age. Because of this, astronomers colloquially call the star “the
Methuselah star.” Initial estimates of its age were in excess of 14 billion years. In fact,
prior to complex calculations of the diffusion rate of helium on the surface of the star
back into the interior, some estimates were even larger. Key to determining its age are
several factors: its luminosity, its current composition of elements heavier than helium,
and a thorough understanding of the fusion processes that has governed its evolution to
the present day.

Until recently, an imprecise determination of the star’s distance resulted in errors in
estimates for its luminosity. And difficulties in properly determining the "N + p — 150 +
vy fusion reaction led to biases in the estimate of the star’s age of on order a billion
years. Improved estimates in this fusion process resolved these biases [23].

In 2013, the Hubble Space Telescope used its Fine Guidance Sensors to make a
precise, parallax-based, measurement of the star’s distance. Itis 202.4 £ 0.9 light years
[23]. The authors went on to estimate the age of the Methuselah star. Their estimate is
it is 14.45 + 0.80 billion years. The contribution to the uncertainties on the age due to
the determination of the star’s distance is + 0.31 billion years, while the dominant
uncertainty is due to the measurement of the star’s oxygen content.

—Universe

—Methuselah Star

12 13 14 15 16 17
Age (billions of years)

Figure 6: Estimates for the ages of the universe and the Methuselah star come with
associated uncertainties. This figure represents the ranges of possible values for the
ages of each, according to current estimates. [End caption]

Tension

The estimate of the age of the universe of 13.779 + 0.021 billion years is very clearly
smaller than the measurement of the 14.45 £ 0.80 billion years estimate of the age of
the Methuselah star. A priori, a comparison of the two mean values is troubling.
However, the uncertainties must be taken into account. It's perhaps worth remembering
that in spite of these measurements, we know neither the age of the universe, nor the
star. Instead, we have estimates for both, with a range associated with the estimate.
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Assuming a standard gaussian distribution and only a statistical origin to the stated
uncertainties, there is a 68% chance that the true age of the Methuselah star is between
13.65 and 15.25 billion years.

Furthermore, there is a16% chance that the true age of the star is less than 13.65 billion
years and 16% chance it is older than 15.25 billion years. Figure 6 illustrates the
probability distribution for the age of both the Methuselah star and the universe.

The difference between the age of the star and the universe is 0.671 billion years, with a
combined uncertainty of 0.800 billion years. This means the estimate for the age of the
universe is 0.839 standard deviations below the estimate for the star. Assuming a
normal distribution, there is a 20% chance [24] that the true age of the Methuselah star
is below the published estimate for the age of the universe.

To give some needed perspective, 20% is about midway between the chances of
flipping a fair coin twice and having it come up heads both times (25%) and rolling a fair
six-sided die and having it come up one (16.7%). This is hardly a conclusive
demonstration that the Methuselah star invalidates the theory of the Big Bang.

Resolution

The supposed tension between the measured age of the universe and the Methuselah
star is clearly resolved, once the uncertainties are properly addressed. However, it is
interesting to revisit both measurements and see what assumptions are built into each
and to understand which weaknesses each of them contains.

Initially, it seems obvious that the estimate of the age of the Methuselah star is the one
that is inaccurate. After all, its uncertainty is twenty times larger than the uncertainty on
the age of the universe. According to Ref. [23], the uncertainty due to the Hubble
Space Telescope determination of the parallax of the star on the age of the star is only
0.31 billion years, and the uncertainty is dominated by the determination of the oxygen
to hydrogen ratio. Thus, more precise measurements of the oxygen to hydrogen ratio
would be welcome. In addition, the Gaia space mission [25] was launched in 2013 and
with a mission goal of determining the distance to about a billion stars with great
precision. This improved determination of the distance to the Methuselah star will
improve the estimate on the star’s age. In fact, a paper in 2014 used the Gaia mission
data to do precisely this [26]. The methodology used by these researchers was unable
to disentangle a correlation between the age of the star and its mass. They quoted two
possible results. The first is that the mass of the Methuselah star is 0.780 £ 0.010 solar
masses, with an age of 13.7 £ 0.7 billion years. The second estimate was a mass and
age of 0.805 + 0.010 solar masses and an age of 12.2 + 0.6 billion years, respectively.
Both estimates neatly resolve any remaining tension between the age of the universe
and the star.

This very sensitive correlation between the mass of the star and its age highlights that
stated estimates of the uncertainty of the age of the star (about 0.8 billion years) are
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incomplete. It will require additional measurements to disentangle the relationship
between mass and age and finally come with an accurate estimate on the age of the
Methuselah star.

When one revisits the estimate of the age of the universe, the situation seems to be
under better control. The stated uncertainties on the age of the universe is only 0.15%.
However, this stated precision could be misleading. Estimating the age of the universe
relies on very precise measurements of various cosmological parameters and it requires
a well understood model. However, it may be that our model needs revision. This is
because our understanding of the expansion history of the universe is currently under
assault.

Astronomers use the same methodology used to determine the age of the universe to
predict the expansion rate of the universe in the current day. They predict that the
universe should be expanding at a rate of 67.4 + 0.5 km/s per megaparsec distance
from Earth. However, when this expansion rate is measured directly, it is determined to
be 74.03 + 1.42 km/s/Mpc. This is a 4.2 standard deviation discrepancy. The
disagreement between the predicted and measured expansion rate of the current
universe is about 10% and it is reviewed in detail in [27].

While it remains possible that measurement error is the explanation for the uncertainty
in the expansion rate of the universe, it is also possible that there was a period of
accelerated expansion in the size of the universe between 380,000 years after the Big
Bang and perhaps a million years. This would be similar to what dark energy is
currently doing [28]. If such an acceleration did occur, it would change the model of the
evolution of the universe, resulting in a significant change in our estimate for the
universe’s age.

Summary

The Methuselah star is often mentioned as evidence disproving the theory of the Big
Bang. | have described how the ages of both the star and the universe are determined
and showed that the two numbers are statistically not in conflict. | have also briefly
described how newer efforts to improve these measurements could move both central
values outside their currently stated ranges. It is very clear that claims of the death of
the Big Bang are premature.

End Notes or Sidebar

The Methuselah star is different from Population | stars most notably by its relative
deficit in heavier elements, but there are a number of common questions about the star
itself, rather than those questions that are common to all Population Il stars. These
questions are the following.

How does HD140283 compare to a Population lll star?
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Population Il stars condensed out of the primordial hydrogen and helium mix right after
the Big Bang. However, if Population Il stars still exist, they would have fused some of
their material into heavier elements, resulting in spectra that looks different from their
original composition. Of course, the bulk of the fusion occurs in the core of the star,
which means that the surface of Population Il stars should remain relatively pristine.
On the other hand, there are some researchers who believe that convection processes
within the stars will compromise that initial purity. Others believe that movement of
Population Il stars through interstellar gas clouds will also result in surface
contamination of the star by higher mass elements. If this is true, it would muddy the
waters in attempts to identify whether a particular star is a Population Il or Il star.

Another important factor is that there are substantial and theoretical considerations
which suggest that Population Ill stars were all very large — in the range of 60 — 300
times the mass of the sun. Furthermore, some researchers claim that it is impossible
for low mass stars with metallicities (e.g. number[atoms heavier than
hydrogen]/number[hydrogen atoms]) greater than about 1.5%10 for each element, or
perhaps even lower [29]. (Note: there are several definitions of metallicities used in the
literature, which makes it difficult to directly compare references, although those details
do not alter big picture conclusions.)

Because of the fact that HD 140283 is relatively low mass (~80% the mass of the sun),
combined with its low metallicity suggests that it is not a Population Il star.

What is HD 140283’s future? Will it go supernova? This star will not go supernova.
Its mass of about 0.8 solar masses negates that possibility. It is currently a sub giant,
with a future that will likely be a white dwarf.
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