LETTERS TO NATURE

Let us consider an instrument capable of measuring flux at
two different frequencies, », and v,. Using our cosmological
model we may calculate how F, and F,, vary with the source
redshift. The redshift itself is not observable, but we can make
a ‘colour-luminosity’ diagram: Alog F,./F, against Alog F, ,
where the differences are given with respect to a fiducial source
at z=0.2. Examples of such colour-luminosity relations are
shown in Figure 2 for a few choices of the two spectral para-
meters, a and «,, and for log ¥,/ v, =0.5. The trend is always
the same: the weaker sources have softer spectra. This is so
because the spectra were assumed to be of the type given by
equation (1), in which the first derivative of the slope is negative.
The softening of the spectra is more noticeable when the
frequency baseline »,/ v, is large, and the spectral index varies
rapidly («, is large). In fact, if the hardness of the spectrum is
defined as log ( F,/ F,), then its variation with the source redshift
is proportional to a,;xlog{v;/v,). The larger the spectral
baseline, the larger the ‘colour’ change due to redshift.

The larger the limiting redshift for the sample, the stronger
the ‘colour’ change. The BATSE is the first experiment that is
sensitive enough to see the ‘edge’ of the distribution; that 1s, to
reach z ~ 1, assuming that the cosmological model provides the
correct interpretation of the ‘edge’. The spectra of BATSE sour-
ces are therefore the first that may show the expected correlation
between the spectral hardness and the burst intensity.

The real bursters are not likely to be standard candles, and
their spectra are observed to have a large range of slopes’, for
the strong as well as for the weak bursts. Therefore, instead of
a single line, as in Fig. 2, a lot of scatter is expected, and the
trend can only be detected statisticaily, This correlation seems
to be present in the spectra of BATSE bursts, with the weaker
bursts being somewhat softer’. It is difficult to judge at present

whether the effect is real. If confirmed, this correlation would
provide a spectral indication that the weak bursts are redshifted
with respect to the strong ones. The effect may be detectable
even without absolute calibration of the spectra. Once the spectra
are well calibrated, and the values of « and «, are measured,
it will be possible to estimate the redshift of the sources using
the empirical equivalents of Fig. 2.

If the weakest BATSE bursts are at a redshift z=1.7, then
their light curves (time histories) should be stretched in time by
a factor {1+ z} as compared with the strongest bursts. It is well
known that burst durations cover many orders of magnitude,
so it is not clear at all if a relatively small factor like 2.7 is
detectable. A small subset of ‘simple’ single-peaked bursts as
observed by BATSE® does, however, show the expected correla-
tion: the rise times of the weakest bursts are longer, on average,
than the rise times of the strongest bursts. It is too early to claim
that this is the redshift effect. All possible instrumental effects
have to be understood first, if confirmed, the correlation between
rise time and peak intensity will indicate that the bursters are
at cosmological distances. O
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THE angular and luminosity distributions of the y-ray bursts
observed by the BATSE instrument, on the Gamma Ray Observa-
tory satellite, cannot be explained by sources confined to the
galactic plane'. Instead the observations are comsistent with a
nearly isotropic source density that falls with distance. Although
this permits a cosmological origin, it also permits an origin in the
halo of our Galaxy, preserving some aspects of models in which
galactic neutron stars are the sites of the bursts. I show here that
significant isotropy can be achieved with a spherically symmetric
halo model if it extends out beyond 100 kpc. Large halo core radii
enhance isotropy, although consistency with observation is possible
for core radii as small as 5 kpc if the halo radius is sufficiently
large. The intrinsic luminosity distribution of y-ray bursts must
be treated as a free parameter to fit the observations. If y-ray
bursts are from the halo, they are likely to be old population II
neutron stars, because models based on pulsars escaping from the
galactic plane have strong anisotropies.

The leading model for y-ray bursts is the emission of radiation
in the magnetosphere of a neutron star’. Their rapid rise time
and 10-ms variability suggest a source smaller than 10% cm, and
the numerous bursts with fluxes above 10 *ergem *s ! give
luminosities of order 10** ergs ' at 300 pe, the luminosities
associated with accreting neutron stars. Additional support for
this model comes from the observation of spectral features in
the Konus data that can be interpreted as redshifted electron-
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positron annihilation lines and cyclotron resonances from a
magnetic field of ~4x 10** G (ref. 3). Ginga provided stronger
evidence by observing in three separate bursts two spectral
features interpreted as the first two cyclotron resonances*.
Assuming a galactic origin, many astrophysicists expected
a concentration of burst sources along the galactic plane
similar to the spatial distributions of X-ray binaries and radio
pulsars.

The BATSE instrument of the Gamma Ray Observatory
(GRO) satellite is admirably suited to find the distribution of
y-ray bursts on the sky’. The preliminary results, based on 117
y-ray bursts, indicate that the sources are isotropic to the statis-
tical error of a random distribution®. The average cosine of the

FIG. 1 Plot of {cos #), the average cosine of the burst angle relative to the
Galactic Centre for the galactic halo model, as a function of the maximum
observable distance R. The curves, from top to bottom, are for halo core
radii of 4.25, 8.5, 12.75, 17 and 25.5 kpc. The dotted lines mark {cos )=
0.054 and 0.108, at one and two standard deviations from zero for the
current observations.

NATURE - VOL 355 - 6 FEBRUARY 1992

© 1992 Nature Publishing Group



LETTERS TO NATURE

log N

log C

FIG.2 Plotof log N against log €. The number of bursts producing & maximum
count rate greater than C is plotted for a core radius of 5Kkpc for the galactic
halo. The units are arbitrary. From top to bottom, the values of the maximum
observable distance R are 170, 127.5, 85, 42.5, 17, 8.5 and 4.25 kpc, with
the last two curves almost identical.

angle between the source and the Galactic Centre is (cos ) =
0.008 +0.054 (the published standard deviation' of 0.071 is in
error; G. J. Fishman, personal communication). There is no
evidence of either the galactic plane or of the Galactic Centre.
These results show that the weak bursts are as isotropic as the
previously observed strong bursts®®. In addition, the average
ratio of the volume delineated by a source (that is, enclosed
within a sphere extending to that source} to the maximum
volume observed is (V/ V. =0.34£0.03 (ref. 1), which is
smaller than the 0.419+0.18 found by the Signe experiment'®,
If the sources were uniformly distributed through space, one
would expect 0.5; that the observed value falls below this sug-
gests that the source density decreases with distance. The con-
clusion forced on us if we assume a non-Solar System origin is
that these objects are either in an extended galactic halo'' or
are at cosmological distances'?. Below I show that the present
results cannot exclude a halo origin, although the observations
place tight constraints on the allowable models.

The galaxy has a dark halo extending to 50 kpc and, if the
interpretation of the magellanic siream is correct, extending
beyond 100 kpc (ref. 13). Models for the halo generally assume
a mass distribution of poc(r2+ r®)”! where r. is the halo core
radius, for a radial distance from the Galactic Centre of r<r,,
where r, is the outer radius of the halo. The mass density drops
to zero for r > r,. Assuming that the peak flux from y-ray bursts
drops below background before r approaches r,, and that the
sources are distributed as the halo mass, one finds that for
r.= 5 kpe, the sources are highly skewed toward the Galactic
Centre if the maximum observable distance R is ~10 kpc, but
are relatively isotropic if R exceeds 50 kpc (ref. 12). As r,
increases, the bursts become more isotropic for all R, Figure 1
shows (cos @) as a function of maximum observable distance
for several values of r.. This calculation assumes that y-ray
bursts have only one peak luminosity. The value {cos 8)=0.1 is
within two standard deviations of the BATSE result. This value
is consistent with core radii of 8.5 kpc and greater in Fig. 1 for
R > 100 kpc, and is consistent with r,=4.25 kpc for R > 150 kpc.
The galactic-hale model gives {cos 8)=0.05, and is therefore
invalid if a statistical sample of bursts has (cos ) =0 with a
standard deviation much less than 0.05.

The r2 dependence of the halo beyond the core radius r.
leads to dlog N/dlog C = ~3, where Cis a photon count rate
and N is the number of y-ray bursts with a peak photon count
rate above C. If the y-ray sources are located nearby so that
their distances are much less than the halo length scale, one
finds d log N/d log C = —3. Figure 2 shows log N against log C
for a uniform-luminosity burst distribution with maximum
observable distances R of 4.25, 8.5, 17, 42.5, 85, 127.5 and
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170 kpe. For R <17kpc, dlog N/dlog C=—3, but for R>
42.5kpe, dlog N/dlog C is —3 for the weakest bursts, and
breaks to —3 as the burst strength increases. These larger
distances therefore produce a relatively isotropic distribution
with _a gradient dlog N/dlog C that deviates from —3. A
multi-luminosity burst population can further smooth the
break between —: and -2 at the cost of a larger (cos 8), so
dlog N/dlog C is a measure of both the spatial distribution
and the peak luminosity distribution of +y-ray bursts.
Equivalently, the value of (V/ V,,,) must fall in a range between
iand 3, with the precise value dependent on the peak luminosity
distribution. Allowing for a range of luminosities lowers
Paczynski’s restriction of #.> 17 kpc (ref. 12) on the size of the
galactic halo’s core. A maximum count-rate distribution that is
a C™°7 power law up to a cut-off value C,, gives the observed
value of (V/ V,..)=0.35 while simultaneously giving {cos 8)=<
0.1 for R>200kpc and .= 8.5 kpc. For {cos #)<0.15, one can
have {V/V,.,)=0.35 for R>100kpc and r.=< 5.0 kpc. This is
shown in Fig. 3, where the solid lines are contours of constant
R and the dotted lines are contours of constant r,. The plotted
region shifts to the right as the power-law index & of the count
rate distribution function C ™% decreases. A similar shift occurs
if the source distribution falls less rapidly than r~2. The BATSE
results are at present consistent with a galactic-halo origin of
y-ray bursts for reasonable values of the galactic core radius.
But with a 2-3a deviation from the observed value, the con-
straints on the model are tight. A test of the galactic-halo model
is evident from Fig. 3: the value of (cos 8) against (V/V, ..} is
strongly dependent on the maximum cbservable distance, which
is equivalent to a dependence on the minimum count rate in
the observations.

The palactic-halo model places an upper limit on the burst
luminosity. BATSE can detect y-ray burst fluxes down to
1077 erg cm "2 s™!. Fora burst to fall below the background inside
a 200-kpc galactic halo, the peak burst luminosity must be less
than 4x10* erg s™'. A similar number can be derived for y-ray
bursts from the halo of nearby spiral galaxies. For M31, the
luminosity must be greater than 2x 10" ergs™" to be seen as a
burst excess over a circle of radius 15° (ref. 14). This suggests
that the peak luminosity function must drop by at least an order
of magnitude between these two luminosities.

The shape of the halo is unknown, so the most conservative
approach is to assume that halo neutron stars have an isotropic
distribution about the Galactic Centre and that our offset from
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FIG. 3 Plot of {cos #) against (V/V, .} The relationship between these two
values for different halo core radii and maximum observable burst distances
is plotted for a power-law burst count rate of index 0.7. The solid lines are
calculated for variable core radius and fixed values of maximum observable
distance; from upper right to lower left the maximum observable distances
are 42.5, 85, 127.5,170, 212.5 and 255 kpc, all assuming a solar distance
from the Galactic Centre of 8.5kpc. The dashed curves from the top left
curve to the bottom right curve are caiculated for constant galactic halo
core radiiof 1.7, 3.4,5.1,6.8,8.5,10.2, 12.75 and 17 Kpc. The dotted curves
represent one and two standard deviations away from (cos 8)=0 of the
BATSE resuits.
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the Galactic Centre is the only source of anisotropy. Although
physically unjustified, this model produces the minimum likely
value of the dipole moment relative to the Galactic Centre, as
any asymmetry in the galactic halo will add to the size of the
dipole moment unless one assumes a fortuitous cancellation of
the offset dipole by the asymmetry. The halo neutron stars may
be the remnants of population II stars. A second possibility is
that neutron stars are ejected into the halo from the galactic
disk at a high velocity, as is indicated by proper motion and
interstellar scintillation studies'>'®, which find velocities averag-
ing ~150 km s~! and ranging beyond 400 km s~ relative to the
galactic disk velocity, and is suggested by the high-velocity
interpretation'” of pulsar PSR1757 —24. In such a model, the
comparison of the spatial distribution of y-ray bursts to the
distribution of pulsars is invalid, because the pulsar distribution
is determined by the short pulsar lifetime of 107 yr (ref. 18). If
a significant number of neutron stars are injected below the
escape velocity, which is likely from current observations, the
distribution function will be quite different from the assumed
dark halo distribution, producing considerable dipole and quad-
rupole moments'. If most injected neutron stars have velocities
far above the escape velocity of the galactic halo, in which case
the catalogues of pulsar velocities are grossly incomplete, then
these stars will have a spatial distribution that falls roughly as

r~? far from the galactic disk and an asymmetric core enveloping
the galactic disk. Reliance on neutron stars in the galactic
plane requires extreme models for populating the galactic
halo. O
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MANY astrophysical objects, from young stars, Herbig—Haro
objects and planetary nebulae up to active galactic nuclei, can be
very simply modelled as isotropic sources of high-energy tenuous
gas embedded in dense toroidal clouds. Here we describe numerical
simulations showing how such an arrangement can in general
circumstances give rise to a well collimated jet, as is observed in
many of these systems. Our model is a two-dimensional generaliz-
ation of the interacting-winds description of planetary nebulae.
Where the two winds come into contact, a discontinuity is formed,
which is dragged out by the fast outHowing gas into a chimney
along the polar axis. High-energy gas rushes up this channel and
flows out around the top, creating a hot backflow which keeps the
chimney in place. The inner shock, enclosing the source of the fast
wind, also aids in collimation, and ionization cones such as those
observed in active galactic nuclei may also form.

In our work on the hydrodynamics of aspherical planetary
nebulae (PNe), we have come across a mechanism for the
formation of hydrodynamic jets which is very effective, and
which easily extends to situations other than PNe. Planetary
nebulae are bubbles blown by a tenuous, fast stellar wind into
a dense, slow, fossil red-giant envelope. Balick' generalized this
model to two dimensions to explain the morphologies of
aspherical PNe. Observations indicate that the envelope has
cylindrical symmetry, and that the density is higher at the equator
than at the poles. The PN morphology and its evolution is then
purely a consequence of the mass distribution in the envelope
and its interaction with the fast stellar wind.

Analytical’”® and numerical®* studies of the hydrodynamics
of this model have yielded results that comfortably fit the many
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morphologies of PNe. Here we argue that the model has broader
astrophysical applications.

The details of our hydrodynamic method®® have been dis-
cussed elsewhere. We use spherical coordinates (#, 6, ¢) with
a/dd =0. As initial conditions in the envelope, we took the
family of disk-toroids described by’

__p (1Y’
.()(f), r)iA(G)(f‘) (])
Beos28-58
A(ﬁ’)él—a('ee_im_’lil) {2)

Here a describes the equator-to-pole contrast (‘e/p ratio’), and
B governs the decrease of the density with polar angle #. This
function represents plausible models of gaseous disks. Its
isodensity contours range from ellipsoidal (B - 1) through
quasi-toroidal ( B > 3, @ = o) to annular { 8 = 1, @ > 20). Narrow
funnels can also be constructed (8> 10, a > 5).

We have run more than 50 simulations. Of these, we show
one case which is representative for the jet formation mechanism
we discovered. The initial conditions are as follows (all quan-
tities are given at a reference position on the symmetry axis,
6 =0, radius 7, = 1.6 x 10'* m = 0.005 pc). The envelope wind has
a mass density of p.=3x10"""kgm * and a radial velocity of
10km s™'. The tangential velocity is zero. The temperature is
T*=1,000 K; choosing 50< T*<10,000 K produces similar
results. The asphericity is @ = 0.9, producing an e/p ratio of 10.
The steepness parameter 8 =6.

The spherical inner wind has a density p, = 1072 kgm™ and
a velocity . =2,500 km s~ '. The density contrast between inner
and outer winds is then 3,000. The temperature of the fast wind
is T, = 50,000 K, so the Mach number is . =112. Four frames
of the basic hydrodynamic variables are shown in Fig. 1, at
1.4 % 10'% 5 after the onset of the fast wind.

A cool tongue-like deformation extends from the contact
discontinuity, forming a chimney along the symmetry axis and
helping to collimate the outflow. Turbulent hot gas streams back
from the head of the outflow; this exerts a further confining
pressure. Finally, the inner ‘reverse’ shock forms a prolate barrel
shape along the symmetry axis, as expected®®. The fast gas
around €=40° passes obliquely through this shock, and is
thereby deflected upward. The outer layers of the chimney
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