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1 Introduction

For the Reproducibility Challenge I selected a short paper reporting work done in 1999
by Gottfried and McBane [1]. The paper reports the calculation of interaction second
virial coefficients between hydrogen and carbon monoxide. These coefficients are mea-
surable properties of mixtures of the two gases, and reflect the influence of the inter-
molecular forces between the molecules. If H2 and CO molecules did not interact, mix-
tures of themwould show exactly the pressure-volume-temperature behavior predicted
by the properties of the pure gases andDaltons̓ Law. In this case the interaction virial co-
efficients would be zero at all temperatures. If at a particular temperature themolecules
attract one another on average, the pressure of a mixture is lower than would be pre-
dicted on the basis of the pure gas behavior, and the virial coefficient is negative. If the
average intermolecular force is repulsive, the resulting pressure is above the interpo-
lated pure-gas value, and the virial coefficient is positive.
The interaction virial coefficients can be computed from a model of the intermolecu-
lar forces between the two molecules. Such a model is usually constructed as a poten-
tial energy surface (PES), a function describing the difference in energy between pairs
of molecules with specified (finite) separation and orientation and the same molecules
at infinite separation. Comparison of computed virial coefficients to measured ones
provides a sensitive measure of the quality of a proposed PES.
The original work reports virial coefficients predicted by the H2–CO PES described by
Jankowski and Szalewicz in 1998 [2]. Its Table I shows values at five temperatures where
experimental measurements have been reported. Its Figure 1 shows a smooth curve
constructed from computations at a denser set of temperatures. Here we concentrate
only on the results in the table.
For the case of two rigid diatomicmolecules the PES takes the form V (r, θ1, θ2, ϕ), where
r is the length of the vector r between the centers ofmass of the twomolecules, the two θ
angles describe the orientations of the internuclear axis of each molecule with respect
to r, and ϕ, the dihedral angle, describes the relative rotation of the two internuclear
axes about r. The computation of the virial coefficients from the PES requires a set of
multidimensional integrals over the four coordinates r, θ1, θ2, and ϕ. The necessary
formulas are given by Pack [3] and Hirschfelder, Curtiss, and Bird [4]. The main contri-
bution to the virial coefficient comes from the “classical part”B0. For H2–CO, especially
at low temperatures, several quantum corrections, requiring different integrals, are also
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needed. Theymake contributions that are not negligible in comparison to experimental
uncertainties. Table I in the original paper reports B0, five different quantum correc-
tions, and their sum, at the five experimental temperatures.

2 Numerical approach

The “Virial6” program used for the original work performs the required integrations nu-
merically, using nested Gaussian quadratures. The angular integrals were done with
Gauss-Legendre quadrature. The integration over r was done in two sections, with an
analytic integration from r = 0 to a small finite distance r0 within the hard core of the
potential, and a Gauss-Legendre quadrature in 1/r from r0 to infinity. The Gaussian
weights and abscissas were obtained with IQPACK routines [5]. For efficient computa-
tion, the integrand values Ii and the composite quadrature weights wi evaluated at all
necessary coordinate sets {ri, θ1i, θ2i, ϕi} were collected into vectors that were princi-
pally manipulated using BLAS routines.
In molecular physics it was (and is) common practice for groups developing new PESs
to provide Fortran subroutines implementing their surfaces as functions of the coordi-
nates. Such a routine was available for the Jankowski and Szalewicz surface, deposited
as supplementary information with their original publication. A revised version of this
routine, more efficient for rapid multiple evaluations, was used for the project. The
main Virial6 program, like other contemporary programs that computed collisional and
spectroscopic properties for small molecular systems, was written in Fortran for com-
patibility with such PES routines and with the wide variety of efficient and well-tested
numerical subroutines available in that language. The IQPACK librarywas then selected
as a convenient and well-established Fortran source of accurate numerical quadrature
data.

3 Required changes for modern reproduction

The 1999workused the g77 compilerwith the reference FortranBLAS on 32-bitMicrosoft
Windows. The modern reproduction used Intel Visual Fortran running on 64-bit Mi-
crosoft Windows 10, with the BLAS library included in the associated version of Intel s̓
Math Kernel Library (MKL).
The IQPACK routines could be used unchanged with the new compiler, and the inter-
face to the BLAS routines remained the same. Simple changes to the program makefile
were required to accommodate the new tools. The single change required to the main
program was the addition of two EXTERNAL statements to routines associated with the
angular dependence of the potential; this change was necessary because modern Intel
Fortran uses PARITY as a reserved word, while the original program used that name for
a function it defined.
The original program code and input files were still available. None of the files associ-
ated with this project were bulky or expensive to store, and they had been propagated
by simple file transfers through the succession of my day-to-day work machines over
the intervening twenty years. A second copy, maintained on a website for use by others,
was also still available. This site had changed hosts just once, reflecting a change in
employer.
The program was controlled by simple text files, redirected through standard input.
These input files specified the temperatures at which calculations should be performed,
physical properties of themolecules, and numerical parameters such as the numbers of
quadrature points in each coordinate. Our regular practice is to name input and corre-
sponding output files with names that provide location keys into paper notebookswhere
descriptions of their purposes and results are recorded. The appropriate input file was
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initially located by a grep search through the output files for one of the five-figure val-
ues included in the published table. Once these files were identified, a check of the
notebook showed which input file had been used for the published work.

4 Results

The original program had been written to print the computed virial coefficient compo-
nents to a decimal precision just a bit higher than that of the experimental values, so that
the program output could be converted directly into a table for publication. The freshly
compiled program, driven by the original input file, produced an output identical to the
original. The numerical results are shown in Table 1.

T /K B(0) B
(1)
r B

(2)
r B

(1)
aµ B

(1)
aI (H2) B

(1)
aI (CO) Btot

77.30 -97.218 10.644 -1.195 0.416 6.614 0.669 -80.071
143.15 -24.861 2.690 -0.112 0.080 0.849 0.140 -21.214
173.15 -13.002 1.874 -0.058 0.053 0.479 0.093 -10.561
213.15 -3.179 1.293 -0.029 0.035 0.263 0.062 -1.556
296.15 7.605 0.747 -0.010 0.019 0.108 0.034 8.502

Table 1. Output table from sample run. The row order has been reversed so that it matches the ta-
ble in the original publication. The first column gives the Kelvin temperatures. The subsequent
columns, all in units of cm3/mol, give different components of the computed virial coefficient
followed by their sum: the classical result, the first and second order radial corrections, the first
order angular corrections associated with end-over-end rotation, the rotation of H2, and the rota-
tion of CO, and the total (for comparison with experiment.)

It is possible that the modern executable produces results that differ in late digits of
the internal representations of the numerical values. However, because the original
program output and the published table report a modest number of significant figures,
it is not possible to determine whether the internal representations of the results are
bitwise identical.
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