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ONE of the most direct methods of constraining the epoch at which
the first galaxies formed—and thereby to constrain the age of
the Universe—is to identify and date the oldest galaxies at high
redshift. But most distant galaxies have been identified on the
basis of their abnormal brightness in some spectral region'™;
such selection criteria are biased towards objects with pro-
nounced nuclear activity or young star-forming systems, in
which the spectral signature of older stellar populations will be
concealed. Here we report the discovery of a weak and extremely
red radio galaxy (53W091) at z = 1.55, and present spectroscopic
evidence that its red colour results from a population of old stars.
Comparing our spectral data with models of the evolution of
stellar populations, we estimate that we are observing this galaxy
at least 3.5 Gyr after star-formation activity ceased. This implies
an extremely high formation redshift (z > 4) for 53W091 and, by
inference, other elliptical galaxies. Moreover, the age of 53W091
is greater than the predicted age of the Universe atz = 1.55, under
the assumption of a standard Einstein—de Sitter cosmology (for
any Hubble constant greater than 50 kms~' Mpc™'), indicating
that this cosmological model can be formally excluded.

It is relatively easy for a short-lived burst of star-formation’, or
re-processed light from an active nucleus®’, to dominate the
appearance of a galaxy in the rest-frame optical-ultraviolet,
concealing the presence of an older underlying stellar population®.
It is thus the reddest objects at a given redshift which are of
greatest importance for constraining the first epoch of galaxy
formation’ !, and the correlation between the ultraviolet and
radio properties of powerful radio galaxies'" indicates
that radio-based searches for passive elliptical galaxies at z > 1
should be confined to millijansky flux-density levels. We are
therefore investigating the properties of radio galaxies with flux
densities at 1.4 GHz S, ,g;4, > 1 mJy selected from the Leiden—
Berkeley deep survey (LBDS) and its extensions'*'. We now
possess optical-infrared photometry down to V' ~ 26 mag and
K ~ 20 mag for a complete sample of 77 galaxies, enabling us to
estimate redshifts both from spectral fitting"* and from a modified
version of the infrared Hubble diagram'®. From this sample we
have isolated a subset of 10 extremely red (R — K > 5) potentially
high-redshift (estimated redshift z,, > 1.5) objects for intensive
spectroscopic study.

The galaxy 53W091, one of the reddest in the sample
(R=24.6+020mag and K = 18.75 +0.05mag within a 4-
arcsec aperture) was observed for 1.5 hours on 25 July 1995 with
the Low Resolution Imaging Spectrograph (LRIS) on the 10-m
W. M. Keck Telescope on Mauna Kea, Hawaii. This observation
yielded the detection of a faint and very red continuum, but no
emission-line redshift. Therefore, in an attempt to constrain the
galaxy redshift, we obtained deep J- and H-band images with
IRCAMS3 on the United Kingdom Infrared Telescope in August
1995. The ease with which the galaxy was detected at J and H
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(/ =20.5 £ 0.1 mag, H = 19.5 £ 0.1 mag; Fig. 1a) revealed that,
if its red R — K colour was in part due to a redshifted 4,000 A
break (the most prominent spectral feature displayed by an old
stellar population at optical wavelengths), this feature must lie at
observed wavelength A,, < 1.2 um, constraining the redshift to
z<2.

Finally, on 31 August and 1 September 1995 we re-observed
53W091 for a total of 4 hours, again with LRIS on the 10-m Keck
Telescope (Fig. 1b). The spectrum produced by co-adding all 5.5
hours of integration is shown in Fig. 1c, plotted in the rest frame of
the radio galaxy assuming z = 1.552. This unambiguous redshift
was deduced from numerous absorption lines and two strong
spectral breaks (at rest wavelength 4., =2,635 and 2,897 A),
features whose existence in the near-ultraviolet spectrum of the
Sun and other low-mass dwarfs is long-established'’, and which
are evident in the ultraviolet spectra of low-redshift ellipticals
such as M32 (Fig. 1c). This is, to our knowledge, the first time that
such a high galaxy redshift has been derived successfully from late-
type absorption features; indeed, with V' ~ 26mag, this is
probably the faintest galaxy for which an absorption-line redshift
has ever been determined.

The strength of such stellar features combined with the lack of
detectable emission lines (Mg11 is seen in absorption, in contrast
to the situation in 3C65 (ref. 9)) indicates that the ultraviolet—
optical light from radio galaxies selected at milijansky flux den-
sities is essentially free from the contaminating effects (either
direct or indirect) of their active nuclei. Moreover, the similarity
of this near-ultraviolet spectrum to that of low-mass main-
sequence stars suggest that the red optical-infrared colour of
this galaxy results from an evolved stellar population rather than,
for example, a significant contribution from a dust-obscured
quasar’™* (a viewpoint supported by the very similar appearance
of 53W091 at optical and infrared wavelengths; Fig. 1).

To investigate the extent to which our data can constrain the age
of 53W091, we first calculated the best-fit age produced by an
updated version of the evolutionary synthesis models of Guider-
doni and Rocca-Volmerange®. Considering a model in which
53W091 is formed in a single burst of star-formation and evolves
passively thereafter, we find that the observed optical spectrum
and the infrared colours (R — K =5.8,J] — K =1.7,H — K = 0.8)
are all perfectly reproduced by the models only at a time of 4 Gyr
after cessation of star-formation activity. Next, we considered the
most recent versions of the models of Bruzual and Charlot®. It is
known that red optical-infrared colours are produced more
rapidly by these models, and indeed we found that at z = 1.55
the observed optical-infrared colour is reproduced after only
1.5 Gyr. But the dependence of R — K colour on age is contro-
versial (see below) and so it was with interest that we found these
same models could not reproduce the shape of the Keck spectrum
until an age >3Gyr, while to produce spectral breaks at
Aest = 2,635 and 2,897 A of the strength observed in 53W091
requires an age >4 Gyr. Third, we considered the models of
Bressan, Chiosi and Fagotto®, which, assuming solar metallicity,
yielded a best-fit age of 3 Gyr (again in good agreement with the
above results).

We derived ages using these three alternative models of galaxy
evolution because it is well known that different models can
produce significantly different ages from a given set of data®.
But much of the difference between these models lies in different
treatments of post-main-sequence evolution, and although this is
expected to have a significant effect on the predicted infrared—
optical luminosity of the galaxy, its effect on the predicted near-
ultraviolet spectral energy distribution (SED) should be minimal
(an expectation apparently borne out by the fact that all three
models are in good agreement over the age required to reproduce
the ultraviolet SED). Indeed, because it js well documented that
the near-ultraviolet spectrum (4 < 3,000 A) of a stellar population
with an age of a few Gyr should be determined simply by the
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FIG. 1 Imaging and spectroscopy of 53W091.
a, An infrared image of 53W091 produced by a
combining the IRCAM3 J- and H-band images. .
The field is 30-arcsec square and the radio
galaxy identification is indicated by two bars.
The position of this object is coincident with
the centroid of the radio source (right
ascension 17h 21min 17.81s, declination
+50°08' 47.5" (1950)) to within 0.5 arcsec.
b, A 10-minute R-band image of the same field

L ..;_ " A"'.-...‘-'v .
taken with the 10-m Keck Telescope, with lines IR _ : _gl - -

superimposed to indicate the position and A i
orientation of the LRIS slit which was used to L camn

obtain the optical spectrum. The position of the I :

optical identification is coincident, to within the
errors, with that of the near-infrared identifica- .
tion (in contrast to the highly wavelength- AP P S
dependent morphologies often displayed by L

more powerful high-redshift galaxies such as
3C3248). In this 1-arcsec seeing optical image
the radio galaxy is resolved, with a deconvolved
full-width at half-maximum of 1.3 arcsec. The orientation of the LRIS slit
(126°) was chosen to be close to the parallactic angle (which varied
between 100° and 150° during the spectroscopic observations) and to
enable a spectrum to also be obtained of a second red galaxy which
lies a few arcsec southeast of 53W091. This galaxy appears to be at
the same redshift as 53W091, (z = 1.55), and, interestingly, has an
almost identical SED, providing further circumstantial evidence that the
optical—infrared properties of 53W091 are essentially unaffected by its
active nucleus. At radio wavelengths, 53W091 is a steep-spectrum source
(09538 = 1.3+ 0.13, where f, ocv™*) With Sysqy =225+ 1.0mly
(ref. 17), and is extended (by ~4 arcsec) along a position angle of 131°
(ref. 16). ¢, The 5.5-h Keck spectrum of 53W091 (lower solid line) from 25
July, 31 August and 1 September, plotted in terms of rest wavelength
(assuming z = 1.552) and compared both with the (scaled) ultraviolet
spectrum of the nearby elliptical M32 (upper solid line) and with the best-
fitting model spectrum (dotted line). (The model spectrum was produced by
synthesizing the spectrum produced by a Scalo IMF with a main-sequence
turn-off mass of 1.35M_, (equivalent to spectral type F2), corresponding to
an age of 3.5 Gyr.) The data for M32 and 53W091 have been rebinned to
the same (5 A) resolution, with an additional median smooth being applied
to the latter. For ease of comparison, the spectrum of M32 has been scaled
to the same amplitude as that of 53W091 at 4., = 2,897 A and then
offset vertically by 5 x 1072 Wm™2, The unambiguous nature of the red-
shiftis demonstrated by the existence of at least 11 absorption features and
two strong spectral breaks in the spectrum of 53W091 (indicated by vertical
dashed lines) which are all reproduced in the rest-frame spectrum of M32
(in particular the ‘top-hat’ feature between 2,640 and 2,750A is a feature
unique to this spectral range, and rules out the (remote) possibility that the
break observed at 7,400 A could be the 4,000 A break at lower redshift).

turn-off point of the main sequence?, and as the main-sequence
lifetime of A — G stars is probably the best understood area of
stellar evolution, it should be possible to date 53W091 in an
appealingly model-independent manner by simply determining
the spectral type of the main-sequence turn-off point. We have
therefore used the latest stellar atmosphere models of Kurucz® to
investigate the spectra produced by main-sequence stars at a
variety of ages, and find that the single stellar spectral type
which best describes the near-ultraviolet light from 53W091
between 4 ~2,000 and 3,500 A is FS (with an effective tempera-
ture T = 6,500K). Furthermore, an independent comparison
with the International Ultraviolet Explorer satellite spectra of
stars of various spectral types produces exactly the same result.
However, to set a realistic limit on the age of this galaxy, one must
integrate over the initial mass function (IMF) of stars from very
low masses (~0.1M_) up to the stellar mass at which the synthe-
sized spectrum becomes unacceptably blue. Assuming a Scalo
IMF*, we find that the best-fitting main-sequence turn-off point
occurs at spectral type F2 (T = 6,900K), equivalent to a stellar
mass of 1.35M . The main-sequence lifetime of a star of this mass
is well established (to within 5%) to be 3.5 Gyr. Such an age is
reassuringly consistent with the ages indicated by the different
evolutionary synthesis codes considered above, and the fact that
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These features (all except the reddest three of which are also reproduced in
the model spectrum) are essentially those which are seen in the near-
ultraviolet spectra of F and G stars, as can be judged by comparison with the
near-ultraviolet spectrum of the Sun*®, vindicating our belief that the red
colours of the millijansky radio galaxies are a result of their evolved stellar
populations. Such features have not been detected before in the spectrum
of a high-redshift galaxy, not even in the Keck spectrum of the reddest
powerful radio galaxy atz ~ 1, 3C65, in which they are apparently swamped
by broad Mg emission**.

this simple model provides such an excellent description of the
data confirms that we are justified in ignoring the contribution of
post-main-sequence stars (Fig. 1c).

We have considered carefully the robustness of our result,
paying particular attention to the ways in which we could possibly
have over-estimated the age of 53W091. First, if the validity of the
models at near-ultraviolet wavelengths is accepted, an age
younger than 3 Gyr is strongly excluded by the overall shape of
the ultra-violet SED of 53W091 (Fig. 2a). Of course, the inferred
age may in principle be reduced by truncating the stellar IMF at
almost exactly 1.35M ., but this requires considerable fine tuning
(any significant population of A stars will dominate the spectrum
for ~3 Gyr) and, if true, it would be expected that the galaxy would
display other signs of youth, such as strong emission lines which
are not seen.

Second, an independent check of our derived age is provided by
comparing the ultraviolet properties of 53W091 with those of
nearby early-type galaxies whose ages have been determined by
other means. In Fig. 2b the normalized rest-frame ultraviolet SED
of 53W091 is compared with the IUE spectra of M32 and
NGC2681%. Recent studies of M32 both at optical® and ultravio-
let” wavelengths agree that the most recent star-formation activity
in this galaxy occurred 4-5 Gyr ago, whereas in NGC2681 star
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formation appears to have ceased 1-2 Gyr before the epoch of
observation®”. The level and shape of the rest-frame ultraviolet
SED of 53W091 is undoubtedly more like that of M32, again
consistent with an age of 3—4 Gyr for this high-redshift galaxy.

A third concern is that in comparing the ultraviolet SED of
53W091 both with models and with nearby ellipticals we may have
over-estimated the age of 53W091 by ignoring the possible red-
dening effect of dust. But if this were the case, then it would be
expected that reddening-independent features such as the
strengths of the spectral breaks at 1 =2,635A, 2,897 A would
indicate a younger age. In fact these two features in the spectrum
of 53W091 appear stronger than the corresponding breaks in the
ultraviolet spectrum of M32, and when compared with the pre-
dictions of the main-sequence model, each break independently
yields an age >3.5 Gyr (Fig. 2c). This impressive agreement leads
us to conclude that although a dusty torus may be present in the
centre of this galaxy (obscuring the active nucleus) its effect on the
integrated starlight of the galaxy is negligible.

The only remaining issue is the sensitivity of the derived age to
the assumed value of metallicity. We have therefore investigated
the effect of varying the metallicity both in our own main-
sequence models, and in the full spectral synthesis code of
Bressan. Both models yield very similar results; the derived age
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increases to 4.5 Gyr if 1/5 of solar metallicity is assumed, but is
reduced by 0.5 Gyr (to 3 Gyr) if the metallicity is doubled to twice
solar (Fig. 2c). Thus, although the age—metallicity degeneracy is
hard to break (similar results are obtained by fitting either to the
overall SED or to the strength of the two breaks), we conclude that
very large values of metallicity are required to reduce the derived
age of 53W091 to less than 3 Gyr.

Having considered the ways in which we might have over-
estimated the age of 53W091, we should stress that we regard it
as more plausible that 3.5 Gyr may be a significant under-estimate
of the true age of this galaxy. First, the spectral breaks indicate a
larger age. Second, and more importantly, all of the model fits
discussed above assume that this large elliptical galaxy was formed
in an instantaneous burst after which star-formation completely
ceased; if one assumes a burst of significant duration, or subse-
quent star-formation activity the derived age increases accord-
ingly (for a 1-Gyr formation starburst, the best-fit age is 4.5 Gyr
even if solar metallicity is assumed).

We now consider briefly the far-reaching implications of a 3.5-
Gyr-old galaxy at z = 1.55. This is the first time that such an
unambiguously old object has been discovered at such large look-
back times, and its existence sets strong constraints both on the
first epoch of galaxy formation and on cosmological models. The

FIG. 2 Constraints on the age of 53W091. a, The spectrum of 53W091
(solid line), binned to a resolution of 50A, plotted in terms of f;, and
compared with the SED produced by the passively evolving main-sequence
model at ages of 2, 3, 4 and 5 Gyr after cessation of star-formation activity.
The model spectra have been normalized to the observed flux density at
3,200A to illustrate why ages < 3 Gyr can be formally rejected at a high
level of significance on the basis of the overall shape of the ultraviolet SED.
Models younger than 3 Gyr overpredict the flux density at 4 ~ 2, 100A by
~100% (the relative flux-calibration of the spectrum is accurate to ~10—
15% across the full wavelength range). We stress that, in the regime of
interest here, the connection between the spectral type of the main-
sequence turn-off point and age is well-established (to within 5%), because
stellar ages for main-sequence stars in the mass range 1-1.5M_ are
essentially unaffected by uncertainties such as assumed mass loss, choice
of convection theory or equation of state, and the opacities in the
corresponding temperature range are well known. b, The spectrum of
53W091 (solid line), binned to a resolution of 50-A, and this time plotted
interms of log f; (1) — log f,(V) to allow direct comparison with the normal-
ized ultraviolet SEDs of two nearby early-type galaxies, M32 (filled squares)
and NGC2681 (open squares)®. The rest-frame V-band flux density, f,(V),
of 53W091 was determined from a weighted average of the observed J- and
H-band flux densities, measured through an aperture equivalent to that
used in the flux calibration of the optical spectrum. Recent studies of M32
both at optical®* and ultraviolet?” wavelengths are in agreement that the
most recent star-formation activity in this galaxy occurred 4-5 Gyr ago,
whereas in NGC2681 star formation appears to have ceased 1-2 Gyr
before the epoch of observation®2. The level and shape of the rest-frame
ultraviolet SED of 53W091 is more like that of M32, consistent with an age
of 3—-4Gyr for this high-redshift galaxy. ¢, The observed strength of the
spectral breaks at 2,635 A (left-hand plot) and 2,897 A (right-hand plot)
compared with the break strengths predicted by the evolving main-
sequence model as a function of age for three different choices of
metallicity—solar (solid line), twice solar (dotted line) and 0.2x solar
(dashed line). In each plot the horizontal line indicates the break strength
as measured from the spectrum shown in Fig. 1c, and the shaded area
indicates the uncertainty in this estimate. The strength of the breaks in both
the data and the models was determined from the ratio of the average value
of f, in 30-A bins centred on the two wavelengths indicated on the vertical
axis of each plot. Based on the (reddening-independent) strength of these
features the inferred age of 53W091 is >4 Gyr, and it is hard to reconcile
the data with an age younger than 3 Gyr even if one assumes super-solar
metallicity. The observed strengths of the corresponding breaks in the
observed spectrum of M32 are 1.6 and 2.1 respectively, consistent with
an age of ~4 Gyr.

583



LETTERS TO NATURE

age of the Universe at this epoch is 1.6h ' Gyr if Q = 1, increasing
to 2.7h7' Gyr for Q = 0.2, or at most 3.52! Gyr for Q = 0.2,
A=0.8 (h =H,/100kms~ Mpc™"). Obviously the Einstein—de
Sitter model is in difficulty, and even in a low-density Universe an
age >3 Gyr at z = 1.55 requires a formation redshift z; > 4 (for

h = 0.65). It thus seems clear that at least some galaxies formed at
redshifts greatly in excess of the recent formation era inferred
from data on field galaxies®, and the existence of similarly old
galaxies at still higher redshifts would potentially allow one to
infer a non-zero cosmological constant. O
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BirTH ‘kicks’ to neutron stars, resulting from asymmetric super-
nova explosions, have been proposed to explain the high velocities
of pulsars'?, the existence of companionless, high-velocity mas-
sive stars®, and a putative Galactic halo of neutron stars®. The
kick hypothesis has been controversial, because most of the
evidence for kicks is indirect, and a physical mechanism to
produce asymmetric explosions is as yet unknown®. Here we
report five years of radio observations of the pulsar PSR
J0045 — 7319, which is in an eccentric orbit around a B star’.
The data show significant deviations from a simple keplerian
orbit, which we interpret as arising from advance of the pulsar’s
periastron and spin-orbiting coupling®. Both effects arise
because of the B star’s rotationally induced equatorial bulge,
however spin—orbit coupling requires the B star’s spin axis to be
inclined with respect to the orbital angular momentum vector; we
find that the inclination angle is between 25 and 41 degrees. In the
likely event that the angular momenta were aligned before the
supernova explosion, this misalignment provides direct evidence
that the neutron star received a Kick at birth.

Radio timing observations’ made not long after the discovery of
PSR J0045 — 7319° showed that the minimum mass of the pulsar
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companion is 4 solar masses (4M,), and optical observations
revealed a 16-mag main-sequence B star near the pulsar timing
position. The association was confirmed by the detection of
Doppler shifts of the companion’s spectral lines at the expected
orbital phase'’. The amplitude of the B star’s radial velocity
variation determines the mass ratio in the system to be
6.3 + 1.2. Assuming a 1.4 M, neutron star'!, the B star’s mass is
M.=(8.8+18)M., implying an orbital inclination angle
i = 44° £5°. From the known system parameters, the pulsar’s
distance from its companion at periastron is (3.7 +0.5)R,,
whereas at apastron, the separation is (35 + 5) R, where R,, the
companion radius', is (6.4 +0.7)R.. Multi-frequency timing
observations have set a surprisingly tight constraint on mass loss
from the B star'?, ruling out a wind as a possible source of timing
perturbations. A companion rotating at a velocity typical of B stars
should have a substantial equatorial bulge, and hence there should
be a significant quadrupole term in the gravitational potential. As
pointed out by Lai et al. (ref. 8), classical periastron advance and
precession of the orbital plane should therefore be detectable, as
the orbital and spin angular momenta couple, and precess about
the fixed total angular momentum vector.

The forces that govern a pulsar’s dynamics, be they classical or
relativistic”’, can be studied with unparalleled precision using
radio pulse arrival times, because pulsars are near-perfect
clocks. A ‘residual’ is the time difference between an observed
pulse arrival time and that predicted by the best available timing
model. Residuals versus time and orbital phase for PSR
JO045 — 7319, after the subtraction of a model including only
astrometric, spin and keplerian orbital parameters, are shown in
Fig. 1a and b, respectively. They show significant and systematic
deviations from zero, indicating this simple timing model is
inadequate'. Figure 1c and d show residuals after the subtraction
of a timing model including astrometric, spin (P, P, P, where P is
the spin period), keplerian orbital parameters, as well as a time-
variable longitude of periastron @, projected semimajor axis,
X = d(asini)/dt, and orbital period P, (see Table 1). The sig-
nificant values of «&» and x are expected from a rotationally induced
quadrupole, where X is interpreted as a time-variable inclination
angle, di/dt, with the semimajor axis a constant. The reduced y* for
the simple keplerian model is 45, whereas that for the model in
Table 1 is 1.5. The F-test shows that the improvement in the fit
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