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Abstract

We present the pulsar_spectra software repository, an open-source pulsar flux density catalogue and automated spectral fitting software
that finds the best spectral model and produces publication-quality plots. The PYTHON-based software includes features that enable users in
the astronomical community to add newly published spectral measurements to the catalogue as they become available. The spectral fitting
software is an implementation of the method described in Jankowski et al. (2018, MNRAS, 473, 4436) which uses robust statistical methods
to decide on the best-fitting model for individual pulsar spectra. pulsar_spectra is motivated by the need for a centralised repository for
pulsar flux density measurements to make published measurements more accessible to the astronomical community and provide a suite of

tools for measuring spectra.
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1. Introduction

Although pulsars were discovered in 1967 (Hewish et al. 1968), the
exact mechanism by which they emit electromagnetic radiation
is far from being understood. The pulsar emission mechanism is
often described using models that include a plasma-filled magne-
tosphere that co-rotates with the pulsar (Goldreich & Julian 1969).
However, an emission mechanism that can successfully explain
all pulsar emission characteristics, including spectral turnover and
nulling, has not yet been advanced. Radio spectra of pulsars pro-
vide important clues, but accurate spectral data are lacking for the
majority of pulsars.

Measurements of flux densities are important for inferring
pulsar radio luminosities and energetics, as well as for detailed
spectral analysis. However, producing accurate pulsar flux den-
sities is challenging for several reasons. Firstly, pulsars scintillate
due to the interstellar medium, which can cause the apparent
flux density to fluctuate from a factor of 2 to an order of magni-
tude, particularly at low frequencies, depending on their galactic
latitude and the choice of instrumental parameters (e.g. observ-
ing bandwidth and time duration), on timescales up to weeks
and months (e.g. Swainston et al. 2021; Bhat et al. 2018; Bell
et al. 2016). Obtaining flux measurements, therefore, requires
observing campaigns much longer than the scintillation timescale.
Secondly, flux density measurements require extensive knowl-
edge of the telescope to account for antenna temperature, beam
shape, etc. Furthermore, in the case of pulsars with severely broad-
ened pulse profiles (due to temporal broadening resulting from

Corresponding author: N. A. Swainston, Email: nicholas.swainston@curtin.edu.au.

Cite this article: Swainston NA, Lee CP, McSweeney, SJ and Bhat NDR. (2022) pul-
sar_spectra: A pulsar flux density catalogue and spectrum fitting repository. Publications
of the Astronomical Society of Australia 39, €056, 1-7. https://doi.org/10.1017/pasa.2022.52

multipath scattering), reliable measurements may require imag-
ing rather than time-domain techniques. Despite these difficulties,
many accurate flux density measurements have been taken over
the last several decades (e.g. Izvekova et al. 1981; Taylor et al. 1993;
Lorimer et al. 1995; Malofeev et al. 2000; Hobbs et al. 2004a; Bilous
et al. 2016; Han et al. 2016; Johnston & Kerr 2018; Jankowski
et al. 2019; Sanidas et al. 2019). However, there is currently no
catalogue designed to record pulsar flux density measurements
at arbitrary frequencies. Researchers are obliged to do extensive
literature reviews, find the publications that contain flux density
measurements of pulsars they are interested in, and extract the
information from them. This exercise is a time-consuming task
that is prone to error.

There is no complete theoretical model for pulsar spectra. For
this reason, we use several empirical models as no single model can
accurately fit the variety of pulsars’ spectra. Deciding which mod-
els to use and which is best for each pulsar requires sophisticated
statistical techniques. Jankowski et al. (2018) has detailed a method
for deciding on the best model using the Akaike information cri-
terion (AIC), which measures the information each model retains
without overfitting. This is applied to various spectral models used
throughout the literature (see Section 3.1). Their choice of method
and implementation can result in different results compared to
other researchers with the same data.

We have implemented the methodology of Jankowski et al.
(2018) in pulsar_spectra,® a fully featured spectral fitting
PYTHON software package. It includes all five models listed above
and can be easily extended to include others. pulsar_spectra
also contains a catalogue of flux density measurements from sev-
eral publications. pulsar_spectra is open-source; researchers
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can upload measurements from new publications into the cata-
logue, which are then available to all. The software has already
been used in Lee et al. (2022).

The remainder of this paper is organised as follows. We will
first explain the implementation of the catalogue and its benefits in
Section 2. Then in Section 3, we discuss the method used to deter-
mine the best spectral fit. Finally, in Section 4, we demonstrate
how to use the software.

2. Catalogue

There is currently no pulsar catalogue exclusively for flux den-
sity measurements. The ATNF pulsar catalogue (version v1.67;
Manchester et al. 2005) does maintain a large collection of pub-
lished flux densities, but the frequency at which they are measured
is not always accurate. Flux densities measured at frequencies
other than a set of pre-selected frequencies (currently 26, ranging
from 30 MHz to 150 GHz) are typically recorded at the near-
est listed frequency, which can lead to inaccurate spectral fits if
the frequency and flux density values in the catalogue are taken
at face value. Moreover, the catalogue’s design prohibits multiple
measurements at the same or similar frequencies, with only the
most recent measurement recorded at any given (approximate)
frequency.

Researchers are currently obliged to conduct their own exten-
sive literature reviews to find the publications that contain flux
density measurements of pulsars they are interested in and extract
the relevant information from them. This is a time-consuming
task and, because there is no central place to store this information,
it is duplicated effort by each researcher.

To allow researchers to acquire accurate flux density mea-
surements with minimal effort, we have created an open-source
catalogue within pulsar_spectra. The catalogue consists of dic-
tionaries in the form of a YAML file for each included publication.
These YAML files contain all the flux density measurements and
their uncertainty in mJy and their frequencies in MHz for each
pulsar. If the original authors gave no flux density uncertainty, we
assumed a conservative relative uncertainty of 50%, following ear-
lier work (Sieber 1973; Jankowski et al. 2018). This catalogue can
easily be collected using a PYTHON function and combined with
new results to produce a pulsar spectral fit (as demonstrated in
Section 4).

When using the flux density values from the ATNF to fit
a pulsar, most researchers know that the values are inaccurate
due to the select frequencies of the ATNF (see the left plots in
Figure 1). They would then extract the publications’ true flux
density and frequency values to create a more accurate fit. With
pulsar_spectra, this is rarely required as our catalogue can use
any frequency value (see the right plots in Figure 1). This fre-
quency flexibility also allows us to include papers, such as Murphy
et al. (2017) and Johnston, Karastergiou, & Willett (2006), which
have flux density measurements at many frequencies. The four
pulsars in Figure 1 are examples of a different and more accurate fit
using pulsar_spectra without manually extracting values from
the publications.

2.1. Currently included and future publications

The catalogue is designed to be a community-maintained, open-
source catalogue that prevents duplicated effort. We have cur-
rently added 34 publications to the database, which are shown
in Table 1. This is not a complete list of pulsar flux density
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publications and is likely to favour Southern-sky (declination
8 < 0) pulsars. As researchers use this catalogue, they can add
new flux density measurements (or historical ones that are not
already included), which can then be made available for other
researchers.

To make it easier for other researchers to include new publica-
tions in the catalogue, we have created a script to convert a simple
CSV into the required YAML format that the catalogue requires, as
explained in our documentation.” They can use this to make a pull
request, and this publication will be included in the next release
of pulsar_spectra. We will keep an up-to-date table of publica-
tions® to make it easier to cite the data and to encourage authors
to upload their own published results.

When comparing the current state of the catalogue to the
ATNF catalogue (see Table 2), the pulsar_spectra catalogue
already contains a larger sample of pulsar flux density measure-
ments. We hope that the open-source nature of our catalogue and
the ease of uploading new publications’ flux density measurements
will allow our catalogue to grow rapidly in the coming years.

3. Pulsar spectral fitting

Flux density measurements obtained using different telescopes
are subject to different systematic errors due to the telescope’s
observing set-up and varying levels of reliability of the calibra-
tion procedures. These systematic errors make robust modelling
of spectral fits complicated. Jankowski et al. (2018) developed a
method of modelling and objectively classifying spectra which are
composed of disparate data from the literature, and our approach
is adapted from this work. We now summarise the Jankowski et al.
(2018) method used in our software.

To reduce the effect of underestimated uncertainties on outlier
points in a given fit, the least squares function is modified from
the regular quadratic loss to a linear loss once the residuals exceed
a pre-chosen threshold. In this way, outlier data are penalised, and
as a result any measurements that are less reliable are less likely to
skew the model fit. In pulsar_spectra, we implement this using
the Huber loss function, defined as:

1
—f if|t] <k
2
k|t — Ek2 if|t| >k

where t is a residual (i.e. the difference between the model and the
measurement) and k is the threshold that defines which points are
considered outliers (Huber 1964). We use a value of k = 1.345, for
which Huber has shown to be 95% as efficient at parameter estima-
tion as an ordinary least squares estimator operating on data from
a Gaussian distribution. We hence define a robust cost function:
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1
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Phttps://pulsar-spectra.readthedocs.io/en/latest/catalogue. html#adding-to-the-cata-
logue.
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our-catalogue.
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Figure 1. Left: A spectral fit using only the flux density values from the ATNF pulsar catalogue. Right: A spectral fit using only the flux density values from the pulsar_spectra
catalogue. As demonstrated through these examples, the pulsar_spectra catalogue is able to accommodate many more flux density values than those available in the ATNF
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pulsar catalogue and hence can yield more accurate spectral fits.
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Table 1. The publications included in version 2.0 of pulsar_spectra. For an

up to date table see the documentation.

Publication # Pulsars v (MHz)
ATNF pulsar catalogue 2827 40-150000
Sieber (1973) 27 38-10690
Bartel, Sieber, & Wielebinski (1978) 18 14800-22700
Manchester et al. (1978) 224 408-408
Izvekova et al. (1981) 86 39-102
Dewey et al. (1985) 34 390-390
McConnell et al. (1991) 4 610-610
Johnston et al. (1992) 100 640-1500
Wolszczan & Frail (1992) 1 430-1400
Johnston et al. (1993) 1 430-2360
Manchester et al. (1993) 1 640-640
Taylor et al. (1993) 639 400-1400
Camilo & Nice (1995) 29 430-430
Lundgren, Zepka, & Cordes (1995) 1 430-1400
Nicastro et al. (1995) 1 400-1400
Qiao et al. (1995) 61 600-1500
Robinson et al. (1995) 2 436-640
Lorimer et al. (1995) 280 408-1606
Manchester et al. (1996) 55 436-436
Zepka et al. (1996) 1 430-1400
van Ommen et al. (1997) 82 800-960
Malofeev et al. (2000) 212 102-102
Kramer et al. (2003) 200 1400-1400
Hobbs et al. (2004b) 453 1400-1400
Karastergiou, Johnston, & Manchester (2005) 48 1400-3100
Johnston et al. (2006) 31 8400-8400
Lorimer et al. (2006) 142 1400-1400
Kijak, Gupta, & Krzeszowski (2007) 11 325-1060
Stappers, Karappusamy, & Hessels (2008) 13 147-147
Bates et al. (2011) 34 1400-6500
Keith et al. (2011) 9 17000-24000
Kijak et al. (2011) 15 610-4850
Zakharenko et al. (2013) 40 20-25
Dembska et al. (2014) 19 610-8450
Dai et al. (2015) 24 730-3100
Stovall et al. (2015) 36 35-79
Basu et al. (2016) 1 325-1280
Bell et al. (2016) 17 154-154
Bilous et al. (2016) 158 149-149
Han et al. (2016) 204 1274-1466
Kijak et al. (2017) 12 325-610
Mignani et al. (2017) 1 97500-343500
Murphy et al. (2017) 60 76-227
Xue et al. (2017) 50 185-185
Jankowski et al. (2018) 441 728-3100
Johnston & Kerr (2018) 586 1400-1400
Jankowski et al. (2019) 205 843-843
Sanidas et al. (2019) 290 135-135
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Table 1. Continued.

Publication # Pulsars v (MHz)
Xie et al. (2019) 32 300-3000
Zhao et al. (2019) 71 4820-5124
Bilous et al. (2020) 43 53-63
Bondonneau et al. (2020) 64 53-65
McEwen et al. (2020) 670 350-350
Han et al. (2021) 201 1250-1250
Johnston et al. (2021) 44 1400-1400

Table 2. This table compares the current
progress of our catalogue compared to
the ATNF. As users continue to add pub-
lications the catalogue will grow.

Source # pulsars
Only ANTF 812
Both catalogues 581
Only pulsar_spectra 1385
Neither catalogues 541

where f; are the values of the model function at the frequencies
of the measured flux densities y;, and o, are the corresponding
uncertainties of the flux densities.

The cost function is minimised using MIGRAD, a robust min-
imisation algorithm implemented in the MINUIT C++ library (as
described in James & Roos 1975) which is accessible through the
PYTHON interface IMINUIT.Y MIGRAD uses a combination of
Newton steps and gradient descents to converge to a local min-
imum. The Estimated Distance to Minimum (EDM) is used to
define a convergence criterion in terms of a specified tolerance
(which must be met for the minimisation to be considered suc-
cessful), which is set to a value of 5 x 107°. The uncertainties
are computed at the 1o level from the diagonal elements of the
parameter covariance matrix using the HESSE error calculator.

3.1. Spectral models

We have currently implemented the five spectral models that have
distinct spectral shapes from Jankowski et al. (2018). While these
five models are sufficient for describing the spectra for the vast
majority of pulsars, our software is flexible enough to allow the
addition of more spectral models easily, as explained here.

The choice of the reference frequency, vy, in the following mod-
els can affect the spectral fits as the data closer to the reference
frequency are given more weight. To make the weighting of the fit
as even as possible, we select vy as the geometric average (average
in log-space) of the minimum and maximum frequencies in the
spectral fit (Vpin and vy, respectively):

1
log,, vo = 3 (1080 Vmin + 108, Vimax) - (3)

This method has also been adopted in previous work (e.g. Bilous
etal. 2016). We define the scaling constant in the following spec-
tral models as c.

dhttps://github.com/iminuit/iminuit.
¢https://pulsar-spectra.readthedocs.io/en/latest/spectral_fit.html#models.
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Figure 2. The spectral fit to the flux density measurements of PSR J0034-0534 created
using the pulsar_spectra software and only the 11 lines of code shown in Listing 1.

We shall now describe the spectral models and provide exam-
ple pulsars that are best fit by each of these models as of
pulsar_spectra version 2.0.

3.1.1. Simple power law

The simple power law is linear in log-space and the most common
spectral model. Some examples of this include PSRs J0034-0534
(see Figure 2), J1328-4357, and J0955-5304. The model takes the

form:
S, =¢ (1> , @)
Vo

where « is the spectral index. The fit parameters are  and c.

3.1.2. Broken power law

The broken power law is the equivalent of two simple power
laws that differ at a spectral break frequency. Variations on this
model have been applied in other fields of astrophysics, such as
the smoothly broken power law, which is characterised by an
additional parameter describing the width of the transition (e.g.
Ryde 1999). Pulsar spectra are traditionally fit with sharply bro-
ken power laws, characterised by only four free parameters (e.g.
Sieber 1973; Murphy et al. 2017). Some examples of broken power
law fits include PSRs J0437-4715 (see Figure 1), J0452-1759 and
J0820-1350. The model takes the form:

ifv <y,

Sv =c > (5)

v o v o —a;
— — otherwise
Vo Vo

where v, is the frequency of the spectral break, o; the spectral
index before and «, the one after the break. The fit parameters
are o, ot2, Vp, and c.

3.1.3. Log-parabolic spectrum

This model has been used to describe the spectra of radio galax-
ies (e.g. Baars et al. 1977) and curved pulsar spectra (Bates,
Lorimer, & Verbiest 2013; Dembska et al. 2014). Some examples
of log-parabolic spectra include PSRs J1141-6545 (see Figure 1),
J13134+-0931 and J0837+0610. The model takes the form:

2
log,,S, =a |:10g10 (V10>i| + blog,, <v10) +c (6)
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where a is the curvature parameter and b is the spectral index for
a =0. The fit parameters are a, b, and c.

3.1.4. Power law with high-frequency cut-off

This model, also known as the hard cut-off model, is based on the
coherent emission model developed by Kontorovich & Flanchik
(2013). At high frequencies, its flux quickly trends towards zero
before a cut-off frequency. An example of this is PSR J1751-4657
(see Figure 1). The model takes the form:

v\¥ v
Sv:c<—) (1— —), V< Vg (7)
Vo Ve

where « is the spectral index and v, is the cut-off frequency. The
fit parameters are «, v and c.

3.1.5. Power law with low-frequency turnover

This model exhibits a power law at high frequencies with a
turnover at low frequencies. The curve of this turnover can
give us clues about the nature of the pulsar emission mecha-
nism (Izvekova et al. 1981; Kijak et al. 2007). Some examples of
this include PSRs J0953+0755 (see Figure 1), J15434+0929 and
J0034-0721. The model takes the form:

S —c(v>aex g( s )ﬁ (8)
b Vo P ﬂ Vpeak ’

where « is the spectral index, vpe, is the turnover frequency, and
0 < B <2.1 determines the smoothness of the turnover. The fit
parameters are o, Vyeak, B and c.

3.2. Comparing models

To compare five models (described in Section 3.1), we require
a comparison metric that accounts for a different number of fit
parameters. We use the AIC, which is a measure of how much
information the model retains about the data without overfitting.
In other words, a model with more fit parameters is only rated
better if the fit is sufficiently improved. It was implemented as:

2K(K+1)

AIC=28pin +2K+ —,
Pmin + +N—K—1

)
where B, is the minimised robust cost function, K is the number
of free parameters, and N is the number of data points in the fit.
The last term is the correction for finite sample sizes, which goes
to zero as the sample size gets sufficiently large.

The model which results in the lowest AIC is the most likely to
be the model that most accurately describes the pulsar’s spectra.

4. How to use the software

pulsar_spectra is written in PYTHON and is easily installed
using pip install pulsar_spectra. The complete documentation of
the code can be found here.” To demonstrate how easy it is to
use, we present a simple example for PSR J0034-0534. The code in
Listing 1 shows how to add a custom set of flux density measure-
ments to those already in the catalogue and find the best spectra
fit. The result is shown in Figure 2.

fhttps://pulsar-spectra.readthedocs.io/en/latest/index.html.
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from pulsar_spectra.catalogue import
collect_catalogue_fluxes

> from pulsar_spectra.spectral_fit import
find_best_spectral_fit
cat_list = collect_catalogue_fluxes ()
5 pulsar = ’J0034-0534"°
o freqs, fluxs, flux_errs, refs = cat_list[pulsar]
7 freqs += [300.]
¢ fluxs += [32.]
o flux_errs += [3.]
10 refs += ["Your Work"]
1 find_best_spectral_fit (pulsar, freqs, fluxs,

flux_errs, refs, plot_best=True)

Listing 1. An example of how to add new flux density measurement to the values from
the literature and find the best spectra fit.

4.1. Future plans

One of the benefits of having an open-source repository is that we
can continue to add models and features as pulsar spectral the-
ory improves. One example is the implicit assumption that the
reported flux density can be treated as the flux density at one
specific frequency (usually the central frequency of the observing
band). Such an approximation becomes increasingly inaccurate
for wider and wider bandwidths. We will expand the catalogue’s
database to include the bandwidth, of all measurements where
this information has been recorded, and expand our equations to
model the integrated flux across the band.

5. Summary

We have introduced pulsar_spectra, a software repository to
make pulsar flux density measurements more accessible to the
community and make the investigation of pulsar spectra easier by
automating pulsar spectral analyses via several standard functional
forms. The open-source pulsar flux density catalogue is designed
to be extendable, allowing the community to include new publica-
tions in the catalogue and cite the work of others. The analysis of
spectra for a large body of pulsars can provide valuable clues to the
nature of the pulsar emission mechanism and will help refine the
knowledge of the detectable pulsar population.
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