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In the Mathematics and Computer Science Division at Argonne, the demand for W
resources on the Onyx 2 exceeds the resources available for consumption. To distribute
these scarce resources effectively, we need a scheduling and resource management
package with multiple capabilities. In particular, it must accept standard interactive user
logins, allow batch jobs, bacldll the system based on available resources, and permit
system activities such as accounting to proceed without interruption. The package must
include a mechanism to treat the graphic pipes as a schedulable resource. Also required is
the ability to create advance reservations, offer dedicated system modes for large
resource runs and benchmarking, and track the resources consumed for each job run.
Furthermore, our users want to be able to obtain repeatable timing results on job runs.
And, of course, package costs must be carefully considered.

We explored several options, including NQE and various third-party products, before
settling on the PBS scheduler.

NQE - Our Initial Choice

We f~st purchased NQE, a scheduling system found on many CRAY systems and
adapted for use on the Onyx 2 systems by SGI. Our experience with the package revealed
several major drawbacks. The package had little supporting documentation, and many of
the supporting fdes required to use the package were not included with the distribution. I
created the contents of each file by guessing at what information and syntax was needed
in configuration files from the errors output by the system. I also attempted to move from
NQE 3.2 to NQE 3.3 by downloading the release from the CR4Y Web site, only to
discover that the binaries available from the site were corrupt. I wrestled with the
installation until the product was discontinued.

Third-Party Products

I next considered several third-party products that were similar in function to NQE,
including LSF, Miser, Fair Share/Share II, the Maui scheduler, and PBS.

LSF’.The product LSF, available from Platform Computing Corporation, provides
scheduling capabilities under IRIX and is the product endorsed by SGI to replace NQE
on the RR platform. While LSF is known in the IBM SP world, it suffers significantly
from a lack of OS-level support in IRIX for resource management. The kernel-level
hooks needed to obtain critical system information still must be developed. Moreover,
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The expected offset and broadening of the solar cosmic ray shadow can be estimated from the satellite
magneticfield measurementsusing the Parker model. Becausethe field lines radiate out from the sun and are
only constrained to the solar equatorial (or ecliptic) planes by a sin 8 factor, flux conservation requires that
the radial field & (the major field component between the sun and the earth) varies approximately as l/r2,

where r is the distance from the sun. Using geocentric solar ecliptic coordinates (GSE), in the ecliptic plane
near the sun, Bz dominates (z points from the earth to the sun) and Bz and By are small (z points normal
to the ecliptic, positive in the direction closer to the earth’s north pole; g completes a right-handed, Cartesian
coordinate system). The Archimedean spiral model (I9= ar, where a is a constant), implies that for small O
(6x sin 6), ~, increases proportional to r. Thus, By varies as I/r between the sun and the earth. B= in the
ecliptic plane remains a small fraction of B= out to large distances, with a radial dependence likely between
I/r and l/r2.

In the impulse approximation, 6 =
0.3 ~ Btdx

where 8 is the deflection angle in mr, p is the particle
momentum in TeVlc, 13tis the magnetic field%ms~erse to the particle trajectory in T and z is the path length
in m. The sun-earth distance is 1.5 x 1011 m or x 215 solar radii. The shadow offset is determined by
the mean tranverse field and the mean momentum. The shadow broadening is determined by the mean and
rms transverse fields, the mean momentum and the rms momentum dispersion. The average daily mean (rms
daily mean) values for By and B. measured by satellites for the entire 1989-1998 interval are By = –0.11
nT (3.43 nT) and B= = 0.11 nT (1.85 nT) (OmniWeb, 1999). Monte Carlo studies suggest that the mean
momentum for cosmic ray primaries from the direction of the sun producing muons at Soudan 2 is 20 TeVlc
and the rms momentum dispersion is of similar magnitude. Table 1 below shows the expected offset and
broadening of the solar cosmic ray shadow in the north-south (due to By) and east-west (due to B.) planes,
using a l/r dependence for 13Vand both a l/r and l/r2 dependence for Bz. The table separately shows the
expected broadening due to magnetic field variation and momentum dispersion, although these two effects
are of approximately equal magnitude under the assumptions that Ap s p and AB = B. The rightmost
column shows the expected combined effect calculated as a quadrature. The calculations used to determine
the table entries are as follows: Assume B.bs is the y or .zcomponent of B measured near the earth. For a
l/r dependence, p9 = &. x 1.5 x 10llm x 0.3 x ~, where j is approximately (In 215 – in 10) = 2.4,
since 215 is the number of solar radii in 1 AU and 10 is the approximate distance from the sun in solar radii at
which the Parker model becomes valid. For a l/r2 dependence, @ = BOb~x 3.2 x 1012m x (O.3), a quantity
which is 9 times larger than the I/r value. It is clear from the values in Table 1 that observation of a shadow
distinguishes between l/r and l/r2 dependence for B=. Even for l/r dependence, observation of a shadow
in the Soudan 2 data is considerably more probable during intervals in which the magnetic field is smaller than
its average value over the 1989-1998 decade.

Table 1. Offset and broadening angles expected for solar shadow based on IPMF measurements and the
Parker model.

Offset Angle Broadening Angle Broadening Angle Broadening Angle
B Variation p Variation Overall

(Degrees) (Degrees) (Degrees) (Degrees)
By (l/r dependence) 0.08 1.1 1.1 1.6
Bz (l/r dependence) 0.08 0.57 0.57 0.8
Bz (1/r2 dependence 0.72 5.1 5.1 7.2

2 Data Collection and Analysis
The data sample, collection procedure and muon track analysis used for the sun shadow data are similar to

those used for a moon shadow analysis. The background, that is the number of events expected in the absence
of a shadow, has been estimated differently. The background algorithm used for the sun shadow is to generate
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, a 100 times real sample ensemble of pseudo-events, using random combinations of arrival times and arrival
directions in detector coordinates of real events. The pseudo-events are then analyzed in the same way as real
events and pseudo-event distributions divided by 100 are then compared to real event distributions.

Fig. 1(a) shows a plot of the angular density of muons, (l/r) (&’VN/d@2)vs. 6, the angular distance
between the muon direction and the calculated position of the center of the sun. The background distribution
(not shown) indicates that in the absence of a shadow this plot should be flat. The real events, however, show a
deficit at small angles. This deficit is both shallower and wider than the Soudan 2 muon shadow for the moon
observed during the same interval, as is expected because of the effect of the IPMF. The significance of the
shadow is tested by fitting the real event distribution to the form

(1)

where the unshadowed density A = 526.8 + 0.3 is determined from the background and Rs (the apparent
radius of the sun) and o are fitted parameters. rs folds together all offset and broadening effects including
deflections due to the solar magnetic field and the IPMF, the finite angular size of the sun, geomagnetic
deflections, shower and muon production effects, multiple Coulomb scattering and the the angular resolution
and directional alignment of the detector. The best fit parameters for the entire data sample are E, = 0.174° +
0.0260-significantly less than the geometric size of the sun-and u = 0.59°~~:~&significantly more than the
detector angular resolution. The chance probability for the improvement in the X2 from 74.2 (80 df) for no fit
to 63.5 (78 df) with a two-parameter fit is 4.8 x 10–3.

The results of a two-dimensional analysis for the same data sample is shown in Fig. l(b). The center of
the sun is at the center of the plot. The horizontal and vertical axes are displacements in degrees measured
parallel and perpendicular to the ecliptic plane using 0.02° by 0.02° bins. The bin contents for both real and
background events have then been smoothed with a o = 0.59° kernel. The plot in Fig. l(b) is a contour map
of z in units of standard deviations of the difference between real and background event distributions. The sun
shadow is clearly visible, with a maximum depth of z = – 3.94 at 0.18° ecliptic longitude and –0.44° ecliptic
latitude from the sun.

The 10-year data collection interval spans much of an 1l-year solar cycle during which solar magnetic field
and sunspot activity peaked in 1989-1991 and was at a minimal level in 1996. Maps similar to the one in Fig.
l(b) are shown in Fig. l(c) for 1989 to 1994 and Fig l(d) for 1995 to 1998, each with approximately half of
the total number of events. The average daily satellite-measured IPMF (sunspot number) was 6.7 nT (104) for
the former interval and 4.8 nT (28) for the latter one. For the interval of high field and sunspot activity, Fig.
l(c) shows no evidence for a distinct shadow. The shadow is clearly seen in Fig. 1(d), however, for the years
with low field and sunspot activity. An analysis similar to the one similar to the one described above for Fig.
l(a) yields a chance probability for the shadow in Fig. 1(d) of 5.2 x 10–4 or 3.30 as a one-tailed Gaussian
probability. For Fig. l(d), R. = 0.21° + 0.03°, again less than the geometric size of the sun.

3 Conclusions
We have observed the shadow of the sun in deep underground muons with a chance probability of 4.8x 10-3

during the years 1989 to 1998. The existence of a shadow implies that the IPMF normal to the ecliptic plane
varies no more steeply than l/r, where r is the distance from the sun. An examination of approximately half
of the data, that collected during 1989-1994, an interval of high magnetic field and sunspot activity, shows no
evidence for a distinct shadow. The other half of the data sample collected during 1995-1998 shows a clear
shadow with a chance probability equivalent to 3.30.
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Figure 1: (a) (upper left) The angular density of muons, (l/m) (CZNJCM2) vs. 6, the angular distance between
the muon direction and the calculated position of the center of the sun. The line is a fit to the data using Eq.
1. (b) (upper right) Contour map of the normalized deviations, Z, for a +2.5° x +2.5° region centered on
the sun with a rebinning kernel fYk= 0.59°. The contour lines are spaced by AZ = 0.,5 and are shown only
where Z <0.0. (c) (lower left) Same as (b) for the years 1989 to 1994. (d) (lower right) Same as (b) for the
years 1995 to 1998, except that the unshaded region in the center of the plot indicates –4.5 < Z < –4.0.


