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ABSTRACT

The Galactic electron density model NE2001 describes the multicomponent ionized structure of the Milky
Way interstellar medium. NE2001 forward models the dispersion and scattering of compact radio sources, in-
cluding pulsars, fast radio bursts, AGNs, and masers, and the model is routinely used to predict the distances
of radio sources lacking independent distance measures. Here we present the open-source package NE2001p, a
fully Python implementation of NE2001. The model parameters are identical to NE2001 but the computational
architecture is optimized for Python, yielding small (< 1%) numerical differences between NE2001p and the
Fortran code. NE2001p can be used on the command-line and through Python scripts available on PyPI. Fu-
ture package releases will include modular extensions aimed at providing short-term improvements to model
accuracy, including a modified thick disk scale height and additional clumps and voids. This implementation of
NE2001 is a springboard to a next-generation Galactic electron density model now in development.

Keywords: Interstellar medium — Warm ionized medium — Hot ionized medium — Interstellar plasma — Radio
transient sources — Active galactic nuclei — Pulsars — — Astrophysical masers — Interstellar scintilla-
tion — Distance indicators — Galactic radio sources — Extragalactic radio sources

1. INTRODUCTION

The time has come for a next-generation model of the
Galactic electron density (n.). Models such as TC93 (Tay-
lor & Cordes 1993), NE2001 (Cordes & Lazio 2002, 2003),
and YMW16 (Yao et al. 2017), were primarily calibrated us-
ing radio pulsars with independent distance measurements,
including interferometric parallaxes (the gold standard), pul-
sar timing parallaxes, globular cluster and supernova remnant
associations, and HI kinematic distances. The most widely
used models, NE2001 and YMW16, were calibrated using
108 and 189 distances, respectively, and of these, only about
14 (NE2001) and 40 (YMW16) were interferometric paral-
lax distances. Over the past few years, the sample of precise
pulsar distances has more than doubled' from very long base-
line interferometry programs such as PSR7 and MSPSR~
(Deller et al. 2019; Ding et al. 2023), in addition to ongo-
ing pulsar timing experiments (e.g. Agazie et al. 2023). Pul-
sar searching programs have also broadened the sample of
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globular clusters containing known pulsars® (Pan et al. 2021;
Ridolfi et al. 2022), compounded by concurrent improve-
ments in globular cluster distance measurements (Baumgardt
& Vasiliev 2021). This continually increasing dataset of pre-
cise pulsar distances, combined with imminent widefield,
high-resolution surveys of the Galactic interstellar medium
(ISM) across its multiple ionized density-temperature phases
(SDSS-V Local Volume Mapper and DSA-2000, among oth-
ers), indicates that we are well poised to begin construction
of a new model.

The first step to a next-generation model is NE2001p, a
fully Python implementation of the Fortran model NE2001.
NE2001p serves two key purposes. It makes the model ac-
cessible to a broader range of users by employing widely
adopted community practices for open-source Python pack-
age distributions. Secondly, NE2001p is a testbed for revi-
sions that will inform a next-generation model, both by ne-
cessitating a restructuring of the model’s computational ar-
chitecture for Python, and by allowing us to provide future
updates to specific model parameters. As such, NE2001p is
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distinct from previous independent efforts to make NE2001
accessible to Python users® (Price et al. 2021).

Section 2 describes how NE2001p compares to the original
Fortran model, Section 3 provides a brief overview of the
model usage, and Section 4 outlines future model upgrades.

2. COMPARISON TO THE FORTRAN MODEL

All physical parameters in NE2001p are identical to those
in NE2001. Cordes & Lazio (2002, 2003) describe the model
in detail.

The basic procedure of the Fortran package integrates
over n. to obtain the dispersion measure (DM) and scatter-
ing/scintillation parameters that correspond to a given dis-
tance, or using an input DM to estimate distance and other
parameters. The Fortran integration iterates over every model
component, which is computationally impractical for Python.
For NE2001p, we have restructured the computational archi-
tecture like so:

* Spiral arms and disk components are coarsely sampled
to determine the integration extent, and cubic spline
interpolation is used to resample n. onto a finer grid.

* Clumps are pre-filtered according to their relevance to
a given line-of-sight (LOS).

* Integration is performed using the trapezoidal rule
(numpy .trapz).

* Scattering computations are turned off by default for
speed and performed by setting an optional flag.

With these modifications, NE2001p is ~ 45 times slower
than the Fortran version. Computation speed is influenced
by the chosen spatial sampling, which by default minimizes
differences from the Fortran code, but it can be modified
through an accompanying script (see Section 3). This slow-
down is still a dramatic improvement over a step-by-step
translation of NE2001 into Python (e.g., see the timing com-
parisons in Price et al. 2021).

The differences listed above yield small residuals between
the outputs of NE2001p and NE2001 (Figure 1). The median
percent difference between NE2001p and NE2001 is < 1%.
Out of repeated random trials for 10* LOSs drawn from a
uniform distribution of Galactic coordinates, ninety-nine per-
cent had residuals < 10%. These differences are far smaller
than model uncertainties.

There is a specific scenario in which the outputs of
NE2001p and NE2001 can differ dramatically: distances es-
timated from input DMs exceeding the Galactic maximum.
For computational efficiency, NE2001p uses a finite num-
ber of trials to determine the largest possible distance for
an input DM. If that DM exceeds the Galactic maximum,

NE2001p returns a warning and the distance estimate is gen-
erally smaller than the distance that would be returned by
NE2001 because the computation terminates earlier in the
integration. Distance estimates for these LOSs are unreliable
for both NE2001 and NE2001p, because when a source lies
beyond the n. scale-height of the disk, its DM approaches an
asymptotic value and the DM-based distance becomes am-
biguous. However, even though the distances of high-latitude
pulsars beyond the model disk components can have large
errors, the asymptotic DM and scattering values obtained by
integrating through the entire Galaxy are reasonably good.
NE2001p can thus reliably be used in place of NE2001.

3. MODEL USAGE

NE2001p is provided through the package mwprop avail-
able on the Python Package Index (https://pypi.org/project/
mwprop). The model script NE2001p.py can be used
on the command line similar to NE2001, and can be im-
ported into Python scripts. Optional flags produce diagnos-
tic files that show the LOS density inventory. An accompa-
nying script (Los_diagnostics.py) plots n., DM, and
the wavenumber spectral coefficient C2 = dSM/ds along
the LOS, which is shown projected onto the Galactic plane
and spiral arms. This script allows spatial sampling to be
changed. Model usage and installation are explained on the
package website.

4. FUTURE UPGRADES

Package updates will include new modules that modify the
NE2001 model parameters, based on methods explored in
Ocker et al. (2020) and work in progress. This extended
version (“NE2001x”) is intended to improve model accuracy
while laying groundwork for a completely new model, which
will reassess the ISM and circumgalactic medium (CGM) in
light of significant developments in the mapping of Galactic
spiral arms, ISM inhomogeneities down to sub-parsec scales,
and a rapidly expanding population of fast radio bursts that
constrain the total baryon content of the CGM. We will make
use of extensive HII region catalogs to define spiral structure
and evaluate n, from multiwavelength observations using the
ionized cloudlet model that has been the basis for TC93 and
NE2001.
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Figure 1. Left: Maximum DM vs. Galactic longitude in the Galactic plane (solid) and 5° above the plane (dashed) for the Fortran NE2001
(blue) and NE2001p (orange). Right: The cumulative distribution function (CDF) of fractional residuals ((NE2001 — NE2001p|/NE2001) for
DM calculated from distance D (blue), SM from D (orange), and D from DM (green); see Section 2.
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