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ABSTRACT

We present a study of the spectral properties of 441 pulsars observed with the Parkes radio

telescope near the centre frequencies of 728, 1382 and 3100 MHz. The observations at 728

and 3100 MHz were conducted simultaneously using the dual-band 10–50 cm receiver. These

high-sensitivity, multifrequency observations provide a systematic and uniform sample of

pulsar flux densities. We combine our measurements with spectral data from the literature in

order to derive the spectral properties of these pulsars. Using techniques from robust regression

and information theory, we classify the observed spectra in an objective, robust and unbiased

way into five morphological classes: simple or broken power law, power law with either low-

or high-frequency cut-off and log-parabolic spectrum. While about 79 per cent of the pulsars

that could be classified have simple power-law spectra, we find significant deviations in

73 pulsars, 35 of which have curved spectra, 25 with a spectral break and 10 with a low-

frequency turn-over. We identify 11 gigahertz-peaked spectrum (GPS) pulsars, with 3 newly

identified in this work and 8 confirmations of known GPS pulsars; 3 others show tentative

evidence of GPS, but require further low-frequency measurements to support this classification.

The weighted mean spectral index of all pulsars with simple power-law spectra is −1.60 ± 0.03.

The observed spectral indices are well described by a shifted log-normal distribution. The

strongest correlations of spectral index are with spin-down luminosity, magnetic field at the

light-cylinder and spin-down rate. We also investigate the physical origin of the observed

spectral features and determine emission altitudes for three pulsars.

Key words: radiation mechanisms: non-thermal – methods: data analysis – pulsars: general –

radio continuum: stars.

1 IN T RO D U C T I O N

Although pulsars were discovered nearly 50 yr ago (Hewish

et al. 1968), the exact mechanism by which they emit electro-

magnetic radiation is far from being understood. The pulsar emis-

sion is often described using models that include a magnetosphere

filled with an electron–positron plasma that corotates with the pulsar

(Goldreich & Julian 1969). However, important details such as the

location of the emission sites, including the polar cap close above

the stellar surface (Sturrock 1971; Ruderman & Sutherland 1975;

Baring 2004), the slot gap (Arons & Scharlemann 1979), or the

outer gap (Cheng, Ho & Ruderman 1986), and the exact emission

mechanism are still unclear. Potential mechanisms for the radio

⋆ E-mail: fjankowsk@gmail.com

emission are coherent synchrotron-curvature radiation of particle

bunches (Ruderman & Sutherland 1975; Gil, Lyubarsky & Me-

likidze 2004) and a form of plasma emission, apart from more

exotic models (Melrose & Yuen 2016). Studying the radio spec-

tra of pulsars could aid in developing an understanding of the

emission mechanism, but accurate spectral data are sadly lack-

ing for the majority of pulsars. The exception are a few pulsars

that have been studied across a broader frequency range (e.g. Keith

et al. 2011; Dai et al. 2015). A recent version of the Australia

Telescope National Facility (ATNF) pulsar catalogue, version 1.54

(Manchester et al. 2005), shows that pulsar flux densities are rel-

atively well known near 1.4 GHz and also 400 MHz, where most

of the pulsars were discovered, but are poorly known at other ra-

dio frequencies. Out of the 2536 currently known pulsars, about

66 per cent have a recorded flux density measurement at 1.4 GHz;

above 2 GHz, the fraction is only about 6 per cent; and, between 600

C© 2017 The Authors

Published by Oxford University Press on behalf of the Royal Astronomical Society
Downloaded from https://academic.oup.com/mnras/article-abstract/473/4/4436/4315944
by Swinburne Library user
on 27 February 2018

mailto:fjankowsk@gmail.com


Spectral properties of 441 radio pulsars 4437

and 900 MHz, there are measurements for only 22 per cent of the

pulsars. The low-frequency fluxes near 400 MHz are better known

with about 30 per cent of the pulsars having measurements and the

frequencies below that are subject of current study by low-frequency

projects such as the Long Wavelength Array (LWA), Low Frequency

Array (LOFAR) and Murchison Widefield Array (MWA) (Stovall

et al. 2015; Bell et al. 2016; Bilous et al. 2016). The problem is not

only that little data are available at intermediate and high (≥2 GHz)

frequencies but also that the data in the catalogue were taken with

different telescopes and different generations of receivers and back-

ends, each with their own systematic errors. In addition, a large

fraction of about 61 per cent at 1.4 GHz and nearly 80 per cent at

800 MHz of these flux density measurements are from the original

discovery papers, which are typically not absolute flux density cal-

ibrated and simply estimates using the signal-to-noise ratio (S/N)

of the detection converted into a flux density using the radiometer

equation and supposedly known parameters of the observing sys-

tem and sky temperature in that direction. That is done because

observations of a calibrator source and the noise diode before each

observation add a significant amount of overhead time to a survey. It

was found that there can be significant differences between multiple

measurements done this way (e.g. Levin et al. 2013). It is therefore

crucial to obtain absolute flux density calibrated measurements.

Efforts to measure the radio spectra of a large number of pul-

sars began in earnest with Sieber (1973), followed by Malofeev &

Malov (1980) and Izvekova et al. (1981) at low frequencies near

100 MHz and below. It was found that the majority of pulsars have

steep spectra that can be described using a simple power law with

spectral index α. There was also a realization that some pulsar

spectra deviate from this at low frequencies and show a turn-over,

which is usually attributed to either synchrotron self-absorption or

thermal free–free absorption, while some show a high-frequency

cut-off in the form of a spectral steepening or a break in the spec-

trum (Sieber 1973). For example, Lorimer et al. (1995) studied 280

pulsars and analysed their spectra, finding a mean spectral index

of −1.6. Xilouris et al. (1996) summarized the frequency depen-

dence of various parameters that characterize the pulsar emission,

such as the shape of the spectrum, the modulation index, which

describes the temporal variability in flux density, the separation

of pulse components, the pulse width and the radius-to-frequency

mapping, amongst others. They found a mean spectral index of

−1.87 for simple power-law spectra and −1.55 before and −2.72

after a spectral break at 1 GHz for broken power-law spectra. Later

Maron et al. (2000) extended the work of Lorimer et al. (1995)

using mainly the same set of pulsars but broadened the frequency

coverage. They derived a mean spectral index of −1.8 and realized

that only 10 per cent of the pulsars studied show broken power-law

spectra. Bates, Lorimer & Verbiest (2013) showed that the intrinsic

spectral index distributions for three different pulsar surveys are

Gaussian with a mean index of −1.4.

Spectral analysis also led to the recent discovery of a new class

of pulsars that have gigahertz-peaked spectra (GPS): convex spec-

tra where the flux density maximum occurs at a frequency around

1 GHz (Kijak, Gupta & Krzeszowski 2007; Kijak et al. 2011b;

Dembska et al. 2015b; Kijak et al. 2017). It has been proposed that

the GPS phenomenon occurs because of thermal free–free absorp-

tion in dense ionized material surrounding a pulsar, for example

in a pulsar wind nebula (PWN), molecular cloud (MC) or super-

nova remnant (SNR; Lewandowski et al. 2015; Rajwade, Lorimer

& Anderson 2016), or when the radio emission from a pulsar passes

through the dense wind of a binary companion. In the case of the

pulsar J1302–6350 (B1259–63), the only known radio pulsar with

a main-sequence Be star companion, the pulsed flux density and its

spectrum was found to vary with orbital phase (Johnston et al. 1996;

Kijak et al. 2011a; Dembska et al. 2015a). There is considerable dis-

cussion about the spectral shape exhibited by GPS pulsars and their

spectra have been modelled by broken power-law, log-parabolic

(Bates et al. 2013; Dembska et al. 2014) and free–free absorption

models by different authors. Throughout the paper, we define a GPS

as any spectrum that peaks at a frequency near 1 GHz, regardless

of spectral shape.

A major difficulty is that the observed flux densities of pulsars can

vary significantly over time because of a combination of intrinsic

fluctuations in the pulsar emission and strong diffractive interstellar

scintillation (DISS) and refractive interstellar scintillation (RISS).

DISS is the constructive and destructive interference of radio waves

emitted by a pulsar at the observer’s location, which have undergone

scattering in the turbulent interstellar medium. The interference pat-

tern changes over time because of the relative motion between the

pulsar, scattering screen and observer and gives rise to strong fluctu-

ations in observed flux density with a time-scale of minutes to hours

(e.g. Armstrong, Rickett & Spangler 1995). RISS is responsible for

weak long-term fluctuations in observed flux density when the ef-

fect of DISS is accounted for. It occurs because of focusing and

defocussing of the pulsar emission by the scattering medium and

has a time-scale of days to months (Sieber 1982; Romani, Narayan

& Blandford 1986; Rickett 1990; Bhat, Rao & Gupta 1999). Ex-

perimentally, Stinebring et al. (2000) showed that high dispersion

measure (DM) pulsars at large distances have nearly constant ob-

served flux densities over years, indicating that the pulsar emission

is stable when individual pulses are integrated for at least a few

hours, and diffractive scintillation has been accounted for.

Another motivation to obtain accurate flux density measurements

over a wide frequency range and corresponding spectral indices for

a large fraction of the pulsar population is in order to make ac-

curate predictions for pulsar surveys and observations with the

Square Kilometre Array (SKA; Keane et al. 2015), SKA path

finders and other radio telescopes, such as MeerKAT, the Five-

hundred-meter Aperture Spherical radio Telescope (FAST) or the

recently refurbished Molonglo Observatory Synthesis Telescope

(Bailes et al. 2017). The flux density measurements contribute di-

rectly to the design of surveys via pulsar population synthesis (e.g.

Bates et al. 2014), or to optimize observing strategies.

In this work, we concentrate on the stable radio spectrum as it

appears after a minimum observation length of a few minutes. We

use the total pulse profile to estimate the mean flux density, i.e.

we do not consider the properties of individual pulses or profile

components. Unless otherwise stated, we quote all uncertainties

at the 1σ level. In Section 2, we describe the target selection and

our observing programme at the Parkes telescope. In Section 3,

we describe the data analysis methods including the absolute flux

density calibration, flux density extraction and the modelling of

the pulsar spectra. In Section 4, we present our results and show

the objective spectral classification and correlation analysis, and in

Section 5, we discuss these especially in relation to findings from

the literature. Finally, in Section 6, we give our overall conclusions.

2 O BSERVATI ONS

2.1 Target selection

We selected the target pulsars as follows. We extracted the available

flux density data from version 1.54 of the ATNF pulsar catalogue

and extrapolated to the centre frequencies 728 and 3100 MHz of
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the 10–50 cm receiver using a simple power law. For pulsars with

a single flux density measurement, we used the median spectral

index of −1.76 for the extrapolation. The sky temperature Tsky at

each pulsar position was derived from the 408 MHz all-sky atlas of

Haslam et al. (1982) and extrapolated to the centre frequencies using

a power-law scaling with exponent of −2.6 (Lawson et al. 1987).

We used the radiometer equation to determine the expected S/N

of each pulsar (e.g. Lorimer & Kramer 2012). The parameters of

the receivers used at Parkes were taken from the ATNF receiver

fleet table.1 Pulsars that were extensively studied as part of other

Parkes projects such as P456 – Parkes Pulsar Timing Array (PPTA;

Manchester et al. 2013) or P574 – Pulsar timing with the Parkes

Radio Telescope for the Fermi mission (Weltevrede et al. 2010)

were not considered, as they already had sufficient data. As one

of the aims of the project was to inform the target selection at the

refurbished Molonglo radio telescope, we chose only the pulsars

from the above set which could be observed at Molonglo with an

S/N of at least 20 in 10 min.

2.2 Observing set-up

We observed at Parkes simultaneously with two bands centred at 728

and 3100 MHz using the 10–50 cm receiver and used the CASPSR

backend at 728 MHz and DFB4 or DFB3 at 3100 MHz. For the

observations with the multibeam receiver centred at 1382 MHz, we

also used CASPSR. One reason to use CASPSR was because of its

advanced radio frequency interference (RFI) mitigation technique

that uses spectral kurtosis to identify and eliminate RFI based on

its deviation from a Gaussian distribution in the raw voltage stream

(Nita & Gary 2010). This is particularly valuable for long period

pulsars. Before each pulsar observation, we carried out a calibration

observation 0.25◦ offset in right ascension from the pulsar posi-

tion, which corresponds to about 1.1 full width at half-maximum

(FWHM) central beam widths at 20 cm, lasting 50 s. In this obser-

vation, the noise diode inside the receiver was fired at a frequency

of 11.123 Hz and the data folded. Afterwards, the pulsar obser-

vation was performed. Additionally, we observed an absolute flux

density calibrator, the radio galaxy Hydra A, once every week of

observations.

2.3 Observations

The P875 project was granted 76 h in total in semester 2014APR

and 2014OCT. We combined the data with long-term pulsar ob-

servations from the Parkes project P574 (Weltevrede et al. 2010),

especially in order to characterize the effect of strong RISS. The set

comprises 8.5 yr of data beginning in 2007 July with a maximum

number of 248 observing epochs. The raw data can be downloaded

from the Parkes pulsar data archive (Hobbs et al. 2011).

3 A NA LY SIS

3.1 Data analysis and calibration procedure

The polarization and absolute flux density of the observations were

calibrated using the PSRPL
2 calibration pipeline, which is based on

PSRCHIVE tools (Hotan, van Straten & Manchester 2004). For the

polarization calibration, we used the ideal feed assumption, and

1 http://www.parkes.atnf.csiro.au/observing/documentation/user_guide/
2 http://psrchive.sourceforge.net/manuals/psrpl/

Table 1. We used a continuum source, the radio galaxy Hydra A (3C218) as

absolute flux density reference. Shown are its flux density at 1400 MHz and

its spectral index α as computed by different authors over the frequencies ν.

Uncertainties are shown where available.

S1400 α ν Reference

(Jy) (MHz)

43.1 −0.910 ± 0.011 405–10700 Baars et al. (1977)

45.05 ± 0.42 −0.88 ± 0.08a 2700, 5000 Kuehr et al. (1981)

44.72 ± 0.38 −0.915 ± 0.008 468–8870 Own fit, data from

Kuehr et al. (1981)

– −0.89 ± 0.03 330–1415 Lane et al. (2004)

Note. aThis is the two-point spectral index computed between 2.7 and 5 GHz.

Table 2. Parameters of the data for the projects P875 and P574, where ν

is the centre frequency, band the name of the frequency band, which only

roughly corresponds to its centre wavelength, B is the bandwidth and Bflat

is the bandwidth of the flat part of the band after removal of the band edges.

Ssys and Tsys are the system equivalent flux density and system temperature

that we determined from our P875 measurements (see Section 4.1).

Band Backend ν B Bflat Ssys Tsys

(MHz) (MHz) (MHz) (Jy) (K)

P875

50 cm CASPSR 728 64 50 64 40.7

20 cm CASPSR 1382 400 300 35 22.3

10 cm DFB4, 3 3100 1024 912 52 33.1

P574

50 cm DFB3 732 64 50 – –

20 cm DFB1–4 1369 256 228 – –

10 cm DFB2–4 3094 1024 912 – –

for the absolute flux density calibration, we used the radio galaxy

Hydra A (3C218). While there are small discrepancies in published

measurements, which could arise by different pointing positions

along the two radio lobes, its flux density at 1.4 GHz and spectral

index is well known (see Table 1). We adopted the value reported

by Baars et al. (1977). In the data processing, we removed the band

edges, where the gain falls off more than 25 per cent. The exact

parameters of the data are shown in Table 2. We excised RFI in the

frequency, time and pulsar rotational phase domains by searching

for strong outliers that deviated at least 5σ from the smoothed

mean values in each of these. In the worst case, we zero-weighted

corrupted integrations.

3.2 Flux density extraction

The flux densities were extracted using a custom program that uses

the PYTHON bindings to PSRCHIVE. We determined the peak and pulse

averaged total flux density from the Stokes I component, for which

we used the standard deviation of the baseline fluctuations as un-

certainty. We extracted the flux densities for each observation of

each pulsar individually and calculated the error-weighted mean

and standard deviation after removing non-detections. The large

bandwidth of the receivers and the high S/N of the observations

allowed us to split them into frequency sub-bands and extract mul-

tiple flux density points. We determined the maximum number of

sub-bands iteratively for each pulsar and all its observations for an

S/N threshold of 10 per sub-band.
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3.3 Flux density fluctuations due to scintillation

Interstellar scintillation can affect the measured flux densities of

pulsars drastically. It is therefore crucial to take its effect into

account in order to determine reliable estimates of the pulsar flux

densities and their uncertainties. Therefore, we estimate the influ-

ence of scintillation on our flux density data in two ways: (1) using

a theoretical simulation that incorporates the NE2001 Galactic free

electron-density model (Cordes & Lazio 2002) and (2) directly from

our flux density time series data. Here, we explain our methods, but

show the results in Section 4.2.

3.3.1 Estimating the influence of scintillation

using a theoretical simulation

We simulate the influence of strong diffractive and refractive, or

weak scintillation on our observed pulsar flux density measure-

ments theoretically using the NE2001 model and usual equations from

the literature. We summarize the details of the simulation in Ap-

pendix A.

3.3.2 Flux density variability derived directly from our data

We also derive the variability directly from our flux density time

series data. For that we use only the pulsars for which we have at

least six measurement epochs. We are especially interested in its

temporal variability with respect to DM and observing frequency to

determine the flux density uncertainty for the pulsars for which we

have only a small number of observations. Although our data have

been cleaned extensively and we believe that they do not contain

any significant errors, we employ analysis methods that allow for a

small number of corrupted data points without affecting the overall

result. For that purpose, we define a robust modulation index as

mr,ν =
σr,ν

med(Sν)
, (1)

where med is the median computed over all flux density measure-

ments and σ r, ν is the robust standard deviation computed using the

interquartile range (IQR):

σr,ν = 0.9183 IQR = 0.9183 (q75(Sν) − q25(Sν)) , (2)

where q75 and q25 are the 75 and 25 percentile of all the flux densities

measured for a pulsar at that centre frequency. The factor in front

appears because we are assuming a Rician flux density distribution

with non-centrality (shape) and scale parameter of unity. This re-

flects the fact that the flux density amplitude distribution has a long

tail due to interstellar scintillation. This is also the reason why the

median and mean flux density value can be largely different. We de-

rive it numerically as 1/(q75 − q25). For an exponential distribution

with a rate parameter of unity (e.g. Cordes & Rickett 1998), the fac-

tor is very similar: 0.9102. For a standard Gaussian distribution it is

0.7413. Using the robust modulation index is conceptually similar

to using the central 67 per cent of the data only, which is a standard

technique (e.g. Stinebring et al. 2000). The increased robustness

comes at a cost of slightly increased uncertainties. For our data set,

we find that the normal and robust modulation index are in good

agreement within the uncertainties, which are estimated using the

bootstrap resampling method using 104 samples for each pulsar.

3.3.3 Combining the data

We derive the combined flux density points from the individual

measurements using robust techniques. We define a detection as

an observation with S/N of at least 6 after data cleaning. Each

flux density point has an uncertainty derived from the baseline

fluctuations. We then compute the combined value as the weighted

median over all N detections at a certain frequency. Its uncertainty

is

u2
S = u2

sys +

⎧

⎪

⎨

⎪

⎩

σ 2
r,ν

N
+

(

6
5

1
N

− 1
5

)

u2
scint(DM, ν) if 1 ≤ N < 6

σ 2
r,ν

N
if N ≥ 6

,

(3)

where usys is the combined systematic uncertainty arising due to the

finite accuracy of the absolute flux density calibration, fluctuations

in system temperature and other unknown factors, whose relative

value we assume to be 5 per cent. The statistical uncertainty consists

of the standard error derived from the robust standard deviation σ r, ν

computed over all measurements at that frequency. We assume a

Rician flux density amplitude distribution in all cases. For a single

epoch, this reduces to the uncertainty of that flux density point. For

pulsars with less than six measurement epochs, we add to that in

quadrature the uncertainty due to scintillation:

uscint = mr,ν (DM, ν) S̄ν, (4)

where mr, ν is the robust modulation index, which in our empirical

model is a function of DM and frequency and S̄ν is the weighted

median flux density. We derive the scaling relationship based on

our data in Section 4.2. We assume that the fluctuations in flux

density are adequately represented in the robust standard deviation

for a sample size of six or more measurement epochs. We choose

this minimum sample size, as the measured width of the distribution

approaches the true width of the underlying distribution with a mean

square deviation of less than 0.4 (Yakovleva & Kulberg 2013).

In addition, we carried out a Monte Carlo simulation with 105

realizations that shows that the scale parameter, i.e. the width of

the distribution, can be estimated to better than 40 per cent in about

97 per cent of the cases for a sample size of six in a one parametric

estimation, where the shape and location parameter are held fixed.

If a pulsar was never detected at a particular frequency we compute

3σ upper limits from the weighted median over all non-detections

and include a 5 per cent systematic uncertainty.

In the spectral plots in Figs 5, 7, 9 and 10, we show two error

bars on our data: the inner and thicker one in lighter blue represents

the statistical uncertainty due to scatter in the measurements
σr,ν√

N
,

whereas the outer error bar shows the total uncertainty (equation 3).

3.4 Robust regression and objective spectral classification

We combine our flux density data that we split into frequency sub-

bands with spectral data from the literature (see Table 3). We com-

piled as much literature data as we could find, but do not claim that

our database contains all pulsar flux density measurements ever ob-

tained in the radio, which is simply infeasible. Nevertheless, we are

confident that our combined data set represents the vast majority

of pulsar spectral data available today. The literature data nicely

extends our own measurements at frequencies below 400 MHz and

above 3 GHz. To ensure uniqueness of data points, we gave prefer-

ence to the data from individual publications rather than including

them from summary publications such as the ATNF pulsar cata-

logue. For measurements where no uncertainty was given by the
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Table 3. Publications from which we took the data for the combined flux

density data set. ν is the centre frequency of the flux density points.

Reference #Pulsars ν (MHz)

This work 441 728–3100

– (P875 only) 288 728–3100

– (P574 only) 154 732–3094

Sieber (1973) 27 10–10690

Bartel, Sieber & Wielebinski (1978) 18 14800, 22700

Izvekova et al. (1981) 86 39–102.5

Lorimer et al. (1995) 280 408–1606

van Ommen et al. (1997) 82 800, 950

Maron et al. (2000), 281 39–87000

http://astro.ia.uz.zgora.pl/olaf/paper1/

Malofeev, Malov & Shchegoleva (2000) 235 102.5

Karastergiou, Johnston & Manchester (2005) 48 3100

Johnston, Karastergiou & Willett (2006) 32 8400

Kijak et al. (2007) 11 325–1060

Keith et al. (2011) 9 17000, 24000

Bates et al. (2011) 18 6500

Kijak et al. (2011b) 15 610–4850

Zakharenko et al. (2013) 74 20, 25

Bilous et al. (2016), 194 149

http://astron.nl/psrcensus/

Dai et al. (2015) 24 MSPs 730–3100

Bell et al. (2016) 17 154

Basu et al. (2016) 1 325–1280

Han et al. (2016) 228 1270–1460

Murphy et al. (2017) 60 72–231

Kijak et al. (2017) 15 325, 610

ATNF pulsar catalogue, 2536 40–8000

Manchester et al. (2005),

various

original authors we assumed a relative uncertainty of 50 per cent,

which is a conservative value and was also adopted in earlier work

(Sieber 1973). We show upper limits from this work and from the

literature as such in the spectral plots, but exclude them from the

spectral fit. That is because our fitting algorithm in its current form

does not handle censored data.

For the spectral model fitting, we choose a Gaussian likelihood

defined as

L =
N

∏

i

1
√

2πσy,i

exp

(

−
(f (xi, a) − yi)

2

2σ 2
y,i

)

, (5)

where f is the model function, a are the model parameters, yi are the

measured flux densities at the frequencies xi and σ y, i are the mea-

surement uncertainties of the flux density points. The frequencies xi

are assumed to be known without error. The negative log-likelihood

then results in the weighted χ2 cost function:

χ2 = − log L =
N

∑

i

1

2

(

f (xi, a) − yi

σy,i

)2

+ C, (6)

where C is a constant that is usually neglected. As we are fitting a

spectral model to a combined set of data, not just to our measured

data, but also to data from the literature, we have to deal with all

sorts of potential flaws in the data. For example, the uncertainty of

a flux density measurement could be largely underestimated or the

measurement could be incompatible with the rest of the other data

points because of differences or errors in the absolute flux density

calibration. Outliers with unusually small uncertainties could dras-

tically influence our weighted χ2 fit and the resulting best-fitting

parameters because of the quadratic dependence on differences in

flux density. In order to minimize the influence of outliers and

points with underestimated uncertainties, we resort to using tech-

niques from robust regression, in particular the Huber loss function,

which is defined as

ρ =

{

1
2
t2 if |t | < k

k|t | − 1
2
k2 if |t | ≥ k

, (7)

where t = f (x, a) − y and k is a constant that defines at which

distance the loss function starts to penalize outliers (Huber 1964).

We use a value of k = 1.345, for which Huber showed that the

loss function operating on data from a Gaussian distribution is

asymptotically 95 per cent as efficient as the ordinary least squares

estimator on the same set. Instead of minimizing the negative log-

likelihood in equation (6), we minimize the Huber loss function ρ

and define our robust cost function as

β = − log L̃ =
N

∑

i

⎧

⎪

⎨

⎪

⎩

1
2

(

fi−yi

σy,i

)2

if

∣

∣

∣

fi−yi

σy,i

∣

∣

∣
< k

k

∣

∣

∣

fi−yi

σy,i

∣

∣

∣
− 1

2
k2 otherwise

, (8)

where the normal weighted χ2 estimator in equation (6) is repro-

duced for | fi−yi

σy,i
| < k, up to a constant factor, and data points that

fall outside this range are penalized as outliers. We want to point

out that no data points are discarded, they just get assigned less

weight in the fit. We use the MIGRAD minimization algorithm imple-

mented in the software package MINUIT (James & Roos 1975) and

in particular the PYTHON bindings to it in IMINUIT
3 to find the model

parameters of the best fit that minimizes the robust cost function β,

i.e. the negative log-likelihood. We rely on the Akaike information

criterion (AIC) to determine the best-fitting model and implement

it as follows, including the correction for finite sample sizes:

AICc = −2 log Lmax + 2 K +
2K(K + 1)

N − K − 1

= 2βmin + 2K +
2K(K + 1)

N − K − 1
+ C, (9)

where Lmax is the maximum of the likelihood, βmin is the minimized

robust cost function, K is the number of free and varying parameters

in the model, N is the number of data points in the fit and C is a

constant (Liddle 2007; Ivezić et al. 2014). We drop the subscript c

denoting that the AIC is corrected for finite sample sizes and use

the term AIC to refer to equation (9) from here on. The model

that results in the lowest AIC is the one that best fits the data

without overfitting. We classify the pulsar spectra based upon this

best-fitting model. We also compute the relative likelihood of each

model i with corresponding AICi to the best-fitting model with

AICmin, the so-called Akaike weight, as

li = exp

(

−
1

2
|AICi − AICmin|

)

, (10)

from which we calculate the probability of the best-fitting model

as

pbest = 1
/

R
∑

i

li, (11)

where the summation runs over all R models tested (Burnham,

Anderson & Huyvaert 2010). This is the probability that the best

model is indeed the best-fitting model to the data amongst the ones

that we tested, but does not indicate an overall probability compared

3 https://github.com/iminuit/iminuit
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with an arbitrary other model. It gives an indication how much better

the model fits the data compared with the rest.

3.5 Spectral models

We selected five spectral models from the literature that have dis-

tinctive spectral shapes, which is the key aspect that we can test

using our measurements. They have been used successfully in the

past to describe the spectra of pulsars, with the simple and broken

power law being the most commonly applied ones. While these are

morphological, the spectral index could potentially be related with

other pulsar parameters (Section 4.12). Our model selection is suffi-

ciently diverse to fully represent the spectral shapes seen in the data

set. However, we cannot test every conceivable model and we limit

ourselves to those five classes. In particular, we fit the following

analytical models to the data, where ν is the centre frequency and

ν0 = 1.3 GHz a constant reference frequency:

(i) Simple power law of the form:

Sν = b xα, (12)

where x = ν
ν0

, α is the spectral index and b is a constant. The fit

parameters are α and b.

(ii) Broken power law of the form:

Sν = b
{

xα1 if x ≤ xb

xα2 x
α1−α2

b otherwise
, (13)

where x = ν
ν0

, xb = νb

ν0
, νb is the frequency of the spectral break,

and α1 is the spectral index before and α2 the one after the break.

The fit parameters are b, α1, α2 and νb.

(iii) Log-parabolic spectrum (LPS) of the form:

log10 Sν = ax2 + bx + c, (14)

where x = log10( ν
ν0

), a is the curvature parameter, b is the spectral

index for a = 0 and c is a constant. This model has been used to

describe the spectra of radio galaxies (e.g. Baars et al. 1977) and

curved pulsar spectra (Bates et al. 2013; Dembska et al. 2014). The

fit parameters are a, b and c.

(iv) Power law with high-frequency cut-off of the form:

Sν = b x−2

(

1 −
x

xc

)

, x < xc (15)

where x = ν
ν0

, xc = νc

ν0
, b is a constant and νc is the cut-off fre-

quency. The fit parameters are b and νc. The functional form is

based on the work by Kontorovich & Flanchik (2013) and provides

us with a direct test of their model for the coherent pulsar emission.

Specifically, the radio emission should be created by electrons ac-

celerated in the electric field of the pulsar and the cut-off frequency

of the spectrum should depend on the maximum value of the electric

field Emax as

νc =

√

eEmax

2meh
=

√

πeB

mecP
, (16)

where e is the charge and me is the mass of the electron, h is Planck’s

constant and c is the speed of light in vacuum. The second identity

is true under an assumption about the maximum electric field in the

centre of the polar cap, where P is the period and B is the magnetic

field of the pulsar.

(v) Power law with low-frequency turn-over of the form:

Sν = b xα exp

(

α

β
x−β

c

)

, (17)

where x = ν
ν0

, xc = ν
νc

, α is the spectral index, νc is the turn-over fre-

quency, b is a constant and 0 < β ≤ 2.1 determines the smoothness

of the turn-over. Fit parameters are α, νc, b and β. This functional

form is motivated by a synchrotron self-absorption process pro-

posed to be responsible for the low-frequency turn-over (Izvekova

et al. 1981), but can describe the spectra expected due to both

synchrotron self and thermal free–free absorption. For the special

case β = 2.1, it is equivalent to a free–free absorption model (e.g.

Rajwade et al. 2016; Kijak et al. 2017).

3.6 Quality of the spectral classification – classification

categories

In the following sections, we discuss the spectral classifications of

individual pulsars. They get classified by the best-fitting spectral

model – the one with the lowest AIC. However, this classification

has different qualities, for example the best-fitting spectral model

might only be slightly preferred by the data over all the others

tested. To quantify that in an objective way, we define the following

categories (as opposed to classification) based on the value of pbest

and the significance s in standard deviations σ of the spectral feature

at hand (for a log-parabolic spectrum that is the curvature coefficient

a for example):

weak: pbest < 0.5 or s < 2.

candidate: 0.5 ≤ pbest < 0.7 and s ≥ 2.

strong: pbest ≥ 0.7 and s ≥ 2.

clear: pbest ≥ 0.8 and s ≥ 3.

4 R ESULTS

4.1 Parkes system temperature estimation

As part of the absolute flux density calibration procedure, the system

equivalent flux density is estimated, which we denote as Ssys and

is the sum over both polarizations of the receiver. We determined

it from our Hydra A flux density calibrator observations and list it

and the resulting system temperature Tsys for each receiver used in

Table 2. The gain used to compute Tsys was taken from the ATNF

receiver fleet table. Note that the measured system temperature of

the 10 cm part of the 10–50 cm receiver and especially the one of

the multibeam receiver are slightly lower than what is quoted in the

receiver fleet table. They are lower by about 2 and 6 K, respectively.

The value measured for the 50 cm part agrees well.

4.2 Flux density variability

4.2.1 Results from the theoretical simulation

We conducted a theoretical simulation using the NE2001 model to

quantify the effect of scintillation on our data (see Section 3.3).

We find that the vast majority of pulsars have a total modulation

index close to zero. Specifically, about 83, 75 and 60 per cent of the

pulsars have mtot ≤ 0.3 at 728, 1382 and 3100 MHz. The modulation

is less than that for the band-integrated flux densities.

4.2.2 Results from the data-driven approach

We also derived the variability in flux density directly from our flux

density time series data. In Fig. 1, we show the robust modulation

index at 3.1 GHz plotted against DM for all pulsars with at least

six measurement epochs at that centre frequency. The behaviour at
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Figure 1. Measured robust modulation index versus DM of the pulsars

with at least six observing epochs at a centre frequency of 3.1 GHz. The red

solid line shows the best error-weighted fit of equation (18) to the data. The

orange band is the uncertainty introduced by making the bootstrap errors

symmetric in the fitting procedure.

Table 4. Best-fitting parameters from the weighted fit of equation (18) to

the robust modulation index versus DM data for all pulsars with at least six

measurement epochs for the three centre frequencies.

ν (MHz) 728 1382 3100

#Pulsars 37 150 82

a − 0.47 ± 0.27 − 0.22 ± 0.05 − 0.45 ± 0.11

b 0.21 ± 0.02 0.25 ± 0.01 0.23 ± 0.01

the other frequencies is very similar. It is apparent that the modu-

lation index decreases with increasing DM in each case, as shown

earlier for a much smaller number of pulsars by Sieber (1982) and

Stinebring et al. (2000). We fit a power law of the form:

mr,ν = b

(

d

d0

)a

(18)

to the data in an error-weighted manner using the same procedure

as described in Section 3.4, where d is the DM of the pulsars,

d0 = 200 pc cm−3 is a constant reference DM, b is a constant and

a is the power-law scaling exponent. We make the bootstrap un-

certainties of the robust modulation index symmetric by taking the

mean of the asymmetric lower and upper error. To estimate how

the procedure affects the fit, we also perform the fit using uncer-

tainties estimated as the maximum and minimum of both. The best

fit is shown as the red solid line in Fig. 1, and the uncertainty in-

troduced by this procedure is shown by the orange band. It is less

than 5 per cent in all cases. The best-fitting parameters are listed in

Table 4. The modulation index decreases with DM following a

power law. The slope is nearly the same at 728 and 3100 MHz,

while it is roughly half of that at 1.4 GHz. That means that the

power-law scaling is shallower there, where we have the largest

number of measurements. The uncertainty of the slope is the high-

est at 728 MHz, where we have the smallest sample size.

We also compare the scaling of the robust modulation index with

DM at the different observing frequencies (see Fig. 2). In order to

reduce the scatter that is present in the data, we binned them in equal

DM bins in logarithmic space and computed the weighted means

for each. As uncertainty we estimated the standard error in each DM

bin. We find that the modulation is the highest at 3.1 GHz, followed

by 1.4 GHz and 728 MHz, except in the highest DM bin centred

Figure 2. Comparison of the scaling with DM of the robust modulation

index determined from our data for the three centre frequencies.

at 868 pc cm−3, where the value at 1.4 GHz exceeds the other two.

Above a DM of 126 pc cm−3 the modulation index is nearly constant

with a weighted mean value of around 0.14 at 1.4 GHz. At the other

two frequencies, it is still decreasing with DM.

4.2.3 Comparison of the two approaches

We find that both approaches are largely consistent at 728 MHz and

3.1 GHz. Both modulation indices are in good agreement there, with

the measured ones showing a larger scatter than the theoretical ones.

However, at 1.4 GHz there is considerably more variability in the

data than expected from the theoretical simulation. The variability

at 1.4 GHz is presented in Fig. 3, where we show a comparison of

the robust modulation indices measured from our flux density time

series data with the theoretically expected modulation indices cal-

culated using the NE2001 model. In the top panel, we directly compare

the modulation indices, and in the bottom panel, we compare the

modulation indices plotted against DM of the pulsars. Top panel:

There is a large scatter around the identity line and the measured

modulation indices reach a plateau with a median of about 0.22 for

the majority of pulsars. This is most likely radiometer noise in com-

bination with fluctuations in absolute flux density calibration and

residual pulse-to-pulse fluctuations (see also Stinebring et al. 2000).

In this noise-limited region, the theoretical simulation significantly

underestimates the true scatter in the data. Bottom panel: The mea-

sured modulation indices exceed the theoretically expected ones in

nearly all cases and the theoretical ones are effectively a lower limit

for the flux density variability for a realistic data set that is limited

in observation time and S/N. This is most obvious at 1.4 GHz.

We conclude that our empirical scaling relationship (equation 18)

based on the parameters determined from our data is therefore a

more realistic and more conservative estimate for the flux density

variability than the theoretically expected one. Therefore, we use it

as an estimate for the uncertainty uscint(DM, ν) = mr,ν (DM, ν) S̄ν

in flux density due to scintillation.

4.3 Calibrated flux densities

One of the main results of this paper are the band-integrated, cali-

brated flux densities at 728, 1382 and 3100 MHz for all the pulsars

in our data set, which are listed in Table C1 in Appendix C. The

table contains the data for 441 pulsars. In case a pulsar was never
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Figure 3. Comparison between the modulation indices at 1.4 GHz mea-

sured from our flux density time series data and the theoretical prediction

based on the NE2001 model. Top: direct comparison between the modulation

indices, with the red solid line indicating the identity. Bottom: modulation

index versus DM of the pulsars.

detected with an S/N of at least 6 at a certain frequency we quote a

3σ upper limit for its flux density. The table also contains the spec-

tral classification, the range of frequencies over which the spectral

classification was performed, the spectral index for pulsars that have

simple power-law spectra and the robust modulation index in case

we had at least six measurement epochs at that centre frequency.

4.4 Comparison with data from the literature

A comparison between the flux density measurements from this

work and the ones from the ATNF pulsar catalogue is shown in

Fig. 4. We show only the direct matches with the catalogue, i.e.

measurements that are within 100 MHz of a particular centre fre-

quency. While there are 219 matches at 1.4 GHz, there are only

10 and 20 at 728 and 3100 MHz, respectively. Effectively, all our

measurements at those centre frequencies are new ones. Green rect-

angles show the flux density points that deviate by at least 5σ from

the identity line. Our data and the pulsar catalogue data are generally

in good agreement, with the majority of data points located close to

the identity line. The agreement at 1.4 GHz is good, with only 33

measurements deviating significantly. At 3.1 GHz, only two mea-

surements deviate significantly, but the uncertainties are generally

larger. Unfortunately, sometimes no uncertainties are given in the

catalogue. Of the 33 5σ outliers at 1.4 GHz, 30 are from publica-

Figure 4. Comparison between the measured flux densities from this work

and directly matched flux densities within 100 MHz from the ATNF pulsar

catalogue at a centre frequency of 1.4 GHz. The red solid line indicates the

identity.

tions of the Parkes Multibeam Pulsar Survey (PMPS). Twenty-three

are from Hobbs et al. (2004), four from Lorimer et al. (2006), two

from Kramer et al. (2003) and one from Manchester et al. (2001),

and all are based on the same flux density estimation method. We

had already noted that in multiple cases their flux densities are sys-

tematically about a factor of 2 lower than both our data and other

data from the literature. The discrepancy is maybe not surprising,

as PMPS flux densities were estimated using the radiometer equa-

tion and observations of high-DM pulsars used as standard candles

(Manchester et al. 2001). We notice that three of their calibration

pulsars have flux densities at 1.4 GHz that are roughly half of what

we measure for them. The other outliers are each from different

older publications. Apart from these outliers, the rms relative dif-

ference is 31 per cent. Nonetheless, more of our measurements at

1.4 GHz lay above the identity line than below, which indicates that

our measurements are slightly biased high. That could be a result

of a decrease in the flux density of Hydra A, or a slight offset in

telescope pointing – the spectral index of Hydra A changes rapidly

across its extent (Lane et al. 2004). It is not due to the exclusion of

observations below an S/N of 6 in the flux density estimation; even

if these are included we see the same slight bias.

4.5 Modelling the pulsar spectra

We used our flux density measurements that are split into frequency

sub-bands combined with data from the literature and fit different

spectral models to the combined data set in a robust manner as de-

scribed in Section 3.4. We decide to use the following requirements

for the characterization of pulsar spectra: the spectra need to consist

of at least four flux density measurements at four different centre

frequencies and the data points must span at least a factor of 2 in

frequency. This choice provides a balance between sufficient spec-

tral coverage for the model fitting and the amount of pulsars that

can be classified. In particular, it also ensures that we cannot char-

acterize a spectrum using only observations at 10 cm that are split

into frequency sub-bands. The pulsars for which the requirements

are not fulfilled are excluded from the spectral analysis. We char-

acterize the spectra based on the best-fitting model, that is the one

with the lowest AIC. We can successfully characterize the spectra

of 349 pulsars, which is about 79 per cent of the total data set after
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Table 5. Fraction of pulsar spectra that can best be characterized by the

given spectral model.

Set #Pulsars per cent

Total 441

Classified 349 79.1

Not classified 92 20.9

Best model #Pulsars per cent

Simple power law 276 79.1

Log-parabolic spectrum 35 10.0

Broken power law 25 7.1

Power law with low-frequency turn-over 10 2.9

Power law with hard high-frequency cut-off 3 0.9

the removal of non-detections. The results are shown in Table 5

where we give an overview of the fraction of pulsar spectra that can

be best characterized by a given spectral model.

We find that the majority of pulsar spectra, about 79 per cent, can

best be characterized as a simple power law in the frequency range

studied. The pulsars with log-parabolic spectra account for about

10 per cent and the broken power-law spectra for about 7 per cent.

The spectral models with a low-frequency turn-over and hard high-

frequency cut-off are rare cases accounting for about 3 and less than

1 per cent each. We list the pulsars that have spectra that deviate

significantly from a simple power law in separate tables depending

on the spectral classification: LPS pulsars in Table 7, pulsars with

broken power-law spectra in Table 8, the ones with a hard high-

frequency cut-off in Table 9 and the ones with power-law spectra

that have a low-frequency turn-over in Table 10. For each spectral

model, apart from a simple power law we show one example where

it fits the data best in Fig. 5.

4.5.1 How does the frequency coverage affect the

spectral classification?

The classification depends naturally on the spectral coverage, i.e.

whether spectral features can be determined from the data. For-

tunately, the combination of our measurements with literature data

provides reasonable to very good coverage in terms of the number of

data points (median 13, maximum 90) and fractional frequency cov-

erage (median 7.8, maximum 1600) for all pulsars that fulfilled our

classification requirements. We examine the classification of pulsars

Figure 5. Example spectra where each spectral model fits best, from top left in clockwise direction: power law with low-frequency turn-over, broken power

law, log-parabolic spectrum and power law with high-frequency hard cut-off. In this and all other spectral plots, we show two error bars on our data: the inner

one in lighter blue represents the statistical uncertainty due to scatter in the measurements, whereas the outer error bar shows the total uncertainty, which

additionally includes scintillation and the systematic uncertainty (equation 3).
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Figure 6. Histogram of the spectral indices α for all pulsars that were

classified to have simple power-law spectra.

for which we have good low- or high-frequency coverage separately.

We have good low-frequency coverage, which we define as having

at least two data points below 600 MHz for 119 pulsars and good

high-frequency coverage with at least one data point above 4 GHz

for 88 pulsars. For the ones with good low-frequency coverage, the

simple power law is still the most common spectrum (56 per cent),

followed by the broken power law with 16 per cent and the LPS

with 14 per cent. Only 10 pulsars have a power-law spectrum with

low-frequency turn-over. For the pulsars with good high-frequency

coverage simple power-law spectra account for 56 per cent, LPS

for 18 per cent and broken power-law spectra for 17 per cent. That

means that with good low-frequency coverage, a spectral break is

significantly favoured in comparison with the whole data set. At

high frequencies, a spectral break is slightly favoured over spectral

curvature with both showing an increase by a factor of 2 or more in

fraction.

4.6 Simple power-law spectra and spectral indices

The majority of pulsars, 276 in total, have spectra that follow a

simple power law. The best-fitting spectral indices are shown in

Table C1 in Appendix C. A histogram of the resulting spectral in-

dices is shown in Fig. 6. The mean spectral index is −1.57 ± 0.62,

the one weighted by the uncertainty of each individual index is

−1.60 ± 0.54 and the median spectral index is −1.65. The un-

certainty given here is the (weighted) standard deviation. When

quoting the standard error instead, the weighted mean spectral in-

dex is −1.60 ± 0.03. We also show a Gaussian and a shifted log-

normal fit to the data, together with a kernel density estimation

(KDE) using a Gaussian kernel. The KDE largely agrees with the

log-normal fit. The spectral index distribution deviates from a Gaus-

sian and has a tail that extends towards positive values. We used

the Shapiro–Wilk (S–W) test for normality to check quantitatively

whether the observed spectral indices are sampled from a Gaussian

or a log-normal distribution, for which we transformed the data into

logarithmic space according to z = log10(α + 5) and applied the

S–W test to the transformed data. We find that we have to reject the

null hypothesis in both cases. However, for the log-normal distribu-

tion it is close with values 0.99 (0.02). A detailed investigation of

the unbinned cumulative distribution function and quantile-quantile

(Q–Q) plots for both distributions leads us to conclude that a log-

normal distribution fits the data nearly perfectly, while a Gaussian

shows deviations. When we constrain the spectral indices to the

257 that are well determined with uncertainties of less than 0.5, the

S–W test indicates with values 0.99 (0.17), that we cannot reject

the null hypothesis that the data was sampled from a log-normal

distribution. The best-fitting values are 0.2, −4.6 and 3.0 for the

shape, location and scale parameter, which corresponds to a skew

of 0.6 and excess kurtosis of 0.7. We still have to reject the null

hypothesis for a Gaussian distribution.

We investigate the pulsars at the extremes of the spectral index

distribution individually and in particular the ones with flat, or

positive spectral indices. We list these in Table 6. All pulsars except

for PSR J1832–0644 have only a weak classification. Interestingly,

PSR J1028–5819 is close to having a GPS with a peak at roughly

2 GHz. However, a simple power law is preferred because of the

large uncertainty of the data at 3.1 GHz. In other aspects, the pulsar

is special because it has an extremely narrow pulse profile with an

FWHM of only 0.3 ms and a corresponding duty cycle of about

0.3 per cent at 1.4 GHz, which is amongst the narrowest profiles

known. It was suggested that this is because we are grazing the

emission beam (Keith et al. 2008). Moreover, profile components at

the edges of beams seem to exhibit flatter spectral indices in general

(Lyne & Manchester 1988; Kramer et al. 1994; Dai et al. 2015), and

this is what we could see here. For PSR J1832–0644 the spectral

index is determined from our data at 3.1 GHz and literature data at

1.4 GHz from PMPS (Morris et al. 2002) only. The positive spectral

index is likely caused by a difference in absolute flux density scale

(see Section 4.4). The pulsars with the steepest spectra are PSR

J1059–5742 (−3.3 ± 0.4), which has a well-determined spectrum

from 0.4 to 3.1 GHz, and PSR J1833–0338 (−2.8 ± 0.1) with

an equally well-determined spectrum from 0.1 to 3.1 GHz and a

hint of a spectral break below 400 MHz. Both have a candidate

classification.

We also tested whether the Galactic plane affected the measured

spectral indices and in particular if a hotspot in the Galactic plane led

to an underestimate of the low-frequency flux densities, resulting in

a shallow spectral index. We do not find any correlation of spectral

index with Galactic latitude or longitude. Generally speaking, most

of the pulsars are young (τ ≤ 3.2 × 105 yr) or energetic (Ė ≥
1034 erg s−1), indicating that these have flatter spectral indices on

average.

Table 6. Pulsars with flat, or positive simple power-law spectra. We show their DM, spectral index α, characteristic

age τ , spin-down luminosity Ė and the classification category.

PSRJ pbest DM α τ Ė Category

(pc cm−3) (yr) (erg s−1)

J1028–5819 1.00 96.5 1.3 ± 0.8 9.00 × 104 8.30 × 1035 Weak

J1650–4921 1.00 229.9 0.1 ± 0.2 1.36 × 106 1.90 × 1034 Weak

J1653–4249 0.97 416.1 1.0 ± 0.6 2.02 × 106 8.30 × 1032 Weak

J1832–0644 1.00 578.0 1.0 ± 0.5 3.18 × 105 3.60 × 1033 Strong
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Table 7. Pulsars that have log-parabolic spectra, where a is the curvature coefficient, b is the spectral index for the case a = 0, νp is the peak frequency and

fscat is the expected pulse width at 1.4 GHz due to scatter broadening in the ISM as a fraction of period. We quote uncertainties at the 1σ level. We also show

their classification categories, their DMs, whether they are in binary systems and associations with other sources, where O is an optical observation of a white

dwarf companion, X an X-ray, γ a γ -ray source, S denotes an SNR and P a pulsar wind nebula.

PSRJ pbest DM Assoc. Binary? a b νp Category fscat Comment

(pc cm−3) (MHz)

J0659+1414 0.55 14.0 S,γ No 0.5 ± 0.3 − 0.7 ± 0.2 – Weak 0.05

J0711–6830a 0.46 18.4 – No − 1.6 ± 0.5 − 1.6 ± 0.1 400 ± 100 Weak 0.28

J0820–4114 0.59 113.4 – No − 0.7 ± 0.3 − 2.2 ± 0.3 40 ± 60 Candidate 0.28

J0823+0159 0.47 23.7 – Yes − 0.9 ± 0.3 − 2.3 ± 0.2 60 ± 80 Weak 0.03

J0907–5157 0.41 103.7 – No − 0.2 ± 0.1 − 1.1 ± 0.1 – Weak 0.08

J0908–4913 0.73 180.4 – No − 0.8 ± 0.2 − 0.8 ± 0.1 400 ± 100 Strong 0.04

J0934–5249 0.42 100.0 – No − 1.7 ± 0.6 − 3.0 ± 0.3 200 ± 100 Weak 0.02

J0959–4809 0.62 92.7 – No − 0.8 ± 0.3 − 2.1 ± 0.3 80 ± 90 Candidate 0.18

J1019–5749 0.49 1039.4 – No − 2.6 ± 1.5 0.5 ± 0.6 1600 ± 500 Weak 9.76 b

J1024–0719a 0.64 6.5 X,γ No 0.6 ± 0.3 − 1.3 ± 0.1 – Candidate 0.12

J1055–6028 0.93 635.9 γ No − 3.3 ± 0.8 − 1.2 ± 0.2 900 ± 100 Clear 0.70 Potential GPS

J1057–5226 0.51 30.1 X,γ ,O No − 0.2 ± 0.1 − 2.2 ± 0.1 – Weak 0.08

J1410–6132 0.80 960.0 – No − 2.4 ± 0.5 0.9 ± 0.3 2000 ± 300 Clear 18.79 b

J1512–5759 0.41 628.7 – No − 1.6 ± 0.3 − 1.6 ± 0.1 410 ± 80 Weak 0.57

J1635–5954 0.49 134.9 – No − 1.8 ± 0.9 − 1.9 ± 0.3 400 ± 300 Weak 0.03

J1658–4958 0.50 193.4 – No − 2.2 ± 1.0 − 1.9 ± 0.3 500 ± 200 Weak 0.04

J1703–3241 0.47 110.3 – No − 1.1 ± 0.5 − 1.5 ± 0.2 300 ± 200 Weak 0.04

J1705–3950 0.73 207.1 – No − 1.7 ± 0.6 − 0.0 ± 0.2 1300 ± 200 Strong 0.03 New GPS

J1723–3659 0.74 254.2 – No − 1.4 ± 0.5 − 0.7 ± 0.2 700 ± 200 Strong 0.05 Known GPS

J1727–2739 0.50 147.0 – No − 2.3 ± 1.2 − 1.7 ± 0.2 500 ± 300 Weak 0.08

J1731–4744 0.72 123.3 – No − 0.4 ± 0.2 − 1.7 ± 0.1 – Strong 0.03

J1745–3040 0.74 88.4 – No − 0.9 ± 0.2 − 1.4 ± 0.1 220 ± 90 Strong 0.03

J1752–2806 0.54 50.4 – No − 1.3 ± 0.1 − 2.6 ± 0.1 120 ± 30 Candidate 0.01

J1812–1733 0.46 518.0 – No − 1.2 ± 0.7 − 1.5 ± 0.3 300 ± 300 Weak 0.28

J1824–1945 0.62 224.6 – No − 0.3 ± 0.1 − 2.0 ± 0.1 – Candidate 0.01

J1825–1446 0.64 357.0 – No − 0.7 ± 0.2 − 0.1 ± 0.1 1100 ± 200 Candidate 0.06 Known GPS

J1826–1334 0.80 231.0 γ ,X,P No − 1.1 ± 0.3 0.0 ± 0.1 1400 ± 100 Clear 0.08 Known GPS

J1830–1059 0.81 161.5 – No − 2.2 ± 0.6 − 0.6 ± 0.2 900 ± 100 Clear 0.02 Potential GPS

J1832–0827 0.58 300.9 – No − 0.8 ± 0.3 − 1.2 ± 0.1 300 ± 100 Candidate 0.01

J1835–0643 0.77 472.9 – No − 1.2 ± 0.4 − 1.9 ± 0.2 200 ± 100 Strong 0.13

J1835–1020 0.60 113.7 – No − 1.2 ± 0.3 − 0.8 ± 0.1 600 ± 200 Candidate 0.02 Known GPS

J1836–1008 0.60 317.0 – No − 1.0 ± 0.4 − 2.5 ± 0.1 70 ± 80 Candidate 0.03

J1843–0211 0.52 441.7 – No − 1.8 ± 0.7 − 1.2 ± 0.3 600 ± 200 Candidate 0.03 Potential GPS

J1847–0402 0.68 142.0 – No 0.5 ± 0.2 − 2.0 ± 0.1 – Candidate 0.04

J1857+0212 0.67 506.8 – No 0.6 ± 0.3 − 1.4 ± 0.1 – Candidate 0.09

Notes. aMSP with P ≤ 30 ms.
bThe pulse profile at 1.4 GHz is strongly scatter broadened and the flux densities at and below that frequency are most likely underestimated, leading to a

spurious classification.

4.7 Log-parabolic spectra

The pulsars listed in Table 7 have log-parabolic spectra with sig-

nificant curvature. In the table, we show the best-fitting parameters

a and b, the derived peak frequency νp, the probability pbest and

the classification category. We also show their DMs, whether they

are in binary systems and potential associations with optical, X-ray

and γ -ray sources taken from the pulsar catalogue and we identify

the millisecond pulsars (MSPs). We estimate the expected scatter

broadening of the pulse profiles in the ISM as a fraction of pulse

period using the empirical formula of Bhat et al. (2004):

log τs = −6.46 + 0.154 log DM + 1.07 (log DM)2 − 3.86 log ν,

(19)

where ν is the observing frequency in GHz and τ s is the scattering

time, assuming thin screen scattering given in ms. We denote the

expected ratio of pulse width at 1.4 GHz and pulse period as fscat.

The table contains three separate classes of LPS pulsars: (1) four

pulsars with slightly concave spectra with positive curvature coef-

ficients. Their classification categories are either weak or candidate

and all of them have flux density measurements with relatively large

uncertainties below 400 MHz. We expect that their spectral classi-

fications will shift towards simple power laws once low-frequency

data are available. (2) Twenty-one pulsars with spectral peaks at

frequencies up to about 500 MHz and (3) 10 pulsars whose spectra

peak between about 0.6 and 2 GHz, indicating that they belong to

the class of GPS pulsars. The two pulsars with the highest DMs of

close to 1000 pc cm−3, PSRs J1019–5749 and J1410–6132, show

large amounts of scatter broadening of their profiles at 1.4 GHz,

covering 50–70 per cent of pulse longitude, and large expected fscat.

Their flux densities at and below 1.4 GHz are most likely underes-

timated and the LPS classification a result of this. Interferometric

techniques are needed to determine their flux densities accurately

below 1.4 GHz (see e.g. Dembska et al. 2015b). We exclude them
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Table 8. Pulsars that have broken power-law spectra, where νbr is the frequency of the spectral break, α1 and α2 the spectral index before and

after the break. We also show the classification category and mark MSPs with∗.

PSRJ pbest νbr α1 α2 Category Comment

(MHz)

J0437–4715∗ 1.00 1900 ± 400 − 0.85 ± 0.01 −2.5 ± 0.6 Strong

J0543+2329 0.91 800 ± 90 − 0.3 ± 0.2 −1.5 ± 0.1 Clear

J0742–2822 0.87 1400 ± 2 − 2.11 ± 0.08 −1.59 ± 0.09 Clear

J0820–1350 0.97 500 ± 100 − 1.1 ± 0.2 −2.4 ± 0.1 Clear

J0835–4510 1.00 880 ± 50 − 0.55 ± 0.03 −2.24 ± 0.09 Clear

J0837–4135 0.95 740 ± 20 − 0.1 ± 0.1 −1.8 ± 0.2 Clear

J0840–5332 0.48 730 ± 20 − 1.1 ± 0.2 −3.2 ± 0.4 Weak

J0856–6137 0.95 736 ± 3 − 2.3 ± 0.1 −0.5 ± 0.4 Clear

J0942–5552 0.96 1100 ± 200 − 1.0 ± 0.1 −2.3 ± 0.1 Clear

J1001–5507 0.50 340 ± 80 − 0.0 ± 0.6 −1.8 ± 0.1 Candidate

J1045–4509∗ 0.45 920 ± 70 − 1.1 ± 0.1 −2.18 ± 0.07 Weak

J1136+1551 1.00 300 ± 5 0.1 ± 0.1 −2.12 ± 0.05 Clear

J1243–6423 0.45 1700 ± 400 − 3.8 ± 0.5 −1.0 ± 1.0 Weak

J1327–6222 0.78 717 ± 3 − 0.7 ± 0.1 −2.3 ± 0.1 Strong

J1359–6038 0.86 320 ± 60 − 0.5 ± 0.6 −2.28 ± 0.05 Clear

J1453–6413 0.99 320 ± 30 − 0.4 ± 0.2 −2.5 ± 0.1 Clear

J1522–5829 0.68 1400 ± 6 − 2.8 ± 0.4 −0.0 ± 0.4 Candidate

J1651–5255 0.46 1000 ± 300 − 1.0 ± 2.0 −2.6 ± 0.2 Weak

J1743–3150 0.66 610 ± 40 0.8 ± 0.3 −2.2 ± 0.3 Candidate Known GPS

J1751–3323 0.43 1279 ± 3 0.6 ± 0.3 −1.0 ± 0.2 Weak New GPS

J1806–1154 0.62 900 ± 100 1.0 ± 2.0 −2.9 ± 0.3 Candidate New GPS

J1852–0635 1.00 1279 ± 6 1.1 ± 0.2 −0.77 ± 0.02 Clear Known GPS

J1900–2600 0.95 800 ± 200 − 1.34 ± 0.08 −2.5 ± 0.2 Clear

J2048–1616 0.98 950 ± 6 − 0.57 ± 0.09 −2.6 ± 0.1 Clear

J2053–7200 0.42 950 ± 20 − 1.0 ± 6.0 −4.0 ± 6.0 Weak

from further discussion. The remaining pulsars include four known,

one newly identified and three potential GPS pulsars. We discuss

the GPS pulsars separately in Section 4.11 and describe a small

selection of LPS pulsars below.

PSR J0823+0159: This is the only pulsar in a binary system.

We have good frequency coverage from 25 MHz to 4.8 GHz. A

curved spectrum is slightly preferred with a peak at around 60 MHz.

PSR J1024–0719: It is an MSP and studied as part of the PPTA

with good spectral coverage from 100 MHz to 5 GHz. An LPS is

preferred with a concave spectral shape and a candidate category.

It seems that the spectrum curves up at low and high frequencies.

PSR J1512–5759: The 50 cm data have a positive spectral index

and an LPS is weakly preferred with a broken power law being

second.

With the aim of understanding the physical origin of the LPS

phenomenon, we list the available information about the environ-

ments in which the pulsars are located and search for associations

with sources at other frequencies (see Table 7). The table con-

tains two MSPs and only one pulsar that is known to be in a bi-

nary system. PSR J0823+0159 is the only case in which the LPS

could be due to absorption in the wind of a companion. However,

J0823+0159’s companion is a DA white dwarf in a wide orbit

(Koester & Reimers 2000; van Kerkwijk et al. 2005), which should

not have a significant wind. In addition, we tested for correlations

of the curvature parameter a and the parameter b with DM, spin fre-

quency ν̃ and spin-down rate ˙̃ν for all LPS pulsars. We do not find

any significant dependence of a and b on DM. Apart from that we

see an increase of b with increasing spin frequency, except for the

MSPs, and with increasing absolute spin-down rate for all pulsars

that have a measured ˙̃ν. The dependence is similar to what we find

for the spectral indices of pulsars with simple power-law spectra

(see Section 4.12). The curvature parameter a however appears to

be uncorrelated with ν̃ and ˙̃ν.

4.8 Broken power-law spectra

The pulsars with broken power-law spectra are listed in Table 8.

The most prominent examples are PSR J0437–4715, the bright-

est and closest MSP, whose spectrum breaks around 2 GHz and

is well determined from 70 MHz to 17 GHz; the Vela pulsar

(PSR J0835–4510), which is well studied from 70 MHz to 24.4 GHz

and seems to have a flat spectrum below 900 MHz; and the bright

pulsar J0742–2822, whose spectrum flattens slightly above 1.4 GHz.

Other examples are PSR J1045–4509, an MSP studied as part of

the PPTA, and the pulsar J1522–5829, whose spectrum seems to be

flat above 1.4 GHz.

4.9 Power-law spectra with high-frequency cut-off

and magnetic field in polar cap

For the pulsars that have spectra with a hard high-frequency cut-off,

we determine the magnetic field strength at the centre of the polar

cap from our fits to the spectral data by inverting equation (16),

which yields

Bpc =
mec

πe
P ν2

c , (20)

where me and e are the mass and charge of the electron, c is the

speed of light, P is the period of the pulsar and νc is the cut-off

frequency. The pulsars are listed in Table 9 together with the mag-

netic fields at the surface Bsurf and at the light-cylinder radius BLC

calculated assuming spin-down due to magnetic dipole radiation
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Table 9. Pulsars that have power-law spectra with a hard high-frequency

cut-off at a frequency νc, their classification category, the magnetic field

at the neutron star surface and at the light-cylinder radius, at the magnetic

poles. We list the inferred magnetic fields Bpc at the polar cap centres from

our spectral fit and their corresponding altitudes z.

PSRJ J1707–4053 J1751–4657 J1903–0632

pbest 0.32 0.52 0.59

Category Weak Candidate Candidate

νc (MHz) 8100 ± 500 3900 ± 400 3900 ± 400

Bsurf (1012 G) 2.14 1.98 2.45

BLC (G) 100.0 44.6 280.0

Bpc (1011 G) 6.9 ± 0.4 2.0 ± 0.2 1.2 ± 0.1

z (km) 14.6 ± 0.9 21 ± 2 27 ± 3

z/RLC ( per cent) 0.05 ± 0.01 0.06 ± 0.01 0.13 ± 0.01

and the magnetic field at the centre of the polar cap Bpc determined

from the spectral fit. We calculate the values at the magnetic poles

for a canonical neutron star and 90◦ inclination, which are a factor

of 2 higher than the values at the magnetic equator that are conven-

tionally quoted. Under the simplistic assumption that the magnetic

field strength falls off as a magnetic dipole field, i.e. proportional to

z−3, where z is the distance from centre of the star, we can use the

magnetic field strength at the centre of the polar cap to determine

the height of the polar cap centre z. These values are also given in

Table 9.

The measured magnetic field strengths are between about 1 and

7 × 1011 G and the inferred altitudes of the polar cap centres

vary from 15 to 27 km (0.05 to 0.1 per cent RLC). This suggests

that the pulsar emission is produced extremely close to the surface.

The derived values are much smaller than what is traditionally

considered. Usually, the polar cap radio emission is thought to be

created at an altitude lower than 10 per cent of the light cylinder

radius and at a height of less than about 100–400 km, as determined

by the most recent measurements that were conducted with focus on

low frequencies (Hassall et al. 2012; Perera et al. 2016). However,

radius-to-frequency mapping predicts that low frequency emission

is created higher in the magnetosphere than that at higher frequency

(Cordes 1978). As we are probing much higher frequencies of up to

8 GHz, the expected altitude should be lower than a few hundreds of

kilometres. Interestingly, other authors have also derived very low

emission altitudes of about 29 km (0.24 per cent RLC) from pulse

separation measurements at 42 and 74 MHz (Tsai et al. 2016),

which is a completely different method than our spectral fitting.

Nevertheless, the derived emission altitudes seem unreasonably low,

which could point to problems in the spectral classification (the

highest category is candidate), or to problems in the theoretical

emission model of Kontorovich & Flanchik (2013), its underlying

assumptions, or to deviations from a simple magnetic dipole scaling

of the field strength near the neutron star surface. Further high-

frequency data will help to better constrain the spectra and may

resolve this issue.

4.10 Power-law spectra with low-frequency turn-over

The pulsars that have power-law spectra with a low-frequency turn-

over are listed in Table 10. Notable examples are the pulsars J0630–

2834, J0837+0610 and J0953+0755, whose spectra are very well

determined from literature data and our own measurements from

about 20 MHz up to 10, 4.9 and 14.8 GHz. They are amongst

the pulsars with the most data points in our set. Their spectral

classification is clear, and they have turn-over frequencies of 50–

Table 10. Top: Pulsars that have power-law spectra with a low-frequency

turn-over, where νc is the turn-over frequency, α is the spectral index and

β is the free fit parameter that determines the smoothness of the turn-

over. Bottom: The same, but for the special case where the smoothness

parameter β is fixed to 2.1, which corresponds to a turn-over due to free–

free absorption. This is separate from the rest of the analysis presented in

this paper. Pulsar spectra are not classified based on this special case and

the given pbest and classification categories should not be compared with the

other tables (see the text).

PSRJ pbest νc α β

(MHz)

J0630–2834 0.98 70 ± 6 −1.7 ± 0.1 1.8 ± 0.4

J0809–4753 0.66 120 ± 10 −2.7 ± 0.3 1.1 ± 0.4

J0837+0610 0.77 53 ± 7 −3.4 ± 0.7 0.5 ± 0.2

J0922+0638 0.96 45 ± 7 −1.8 ± 0.2 0.9 ± 0.4

J0942–5657 0.83 100 ± 10 −2.7 ± 0.1 2.1 ± 0.3

J0953+0755 1.00 91 ± 6 −2.6 ± 0.2 0.54 ± 0.08

J1644–4559a 1.00 601 ± 7 −3.14 ± 0.02 2.10 ± 0.01

J1651–4246 0.80 60 ± 20 −2.5 ± 0.2 0.8 ± 0.3

J1803–2137a 0.97 900 ± 100 −1.2 ± 0.4 1.6 ± 0.6

J1913–0440 0.49 150 ± 20 −2.2 ± 0.3 1.4 ± 0.6

Special case of fixed β = 2.1 (free–free absorption)

PSRJ pbest νc α Category

(MHz)

J0711–6830b 0.60 530 ± 50 −2.2 ± 0.2 Candidate

J0809–4753 0.59 123 ± 8 −2.37 ± 0.07 Candidate

J0908–4913 0.55 580 ± 60 −1.2 ± 0.1 Candidate

J0922+0638 0.91 41 ± 3 −1.62 ± 0.06 Clear

J0934–5249 0.52 360 ± 40 −3.6 ± 0.4 Candidate

J0942–5657 0.95 100 ± 10 −2.7 ± 0.1 Clear

J0943+1631 0.53 59 ± 8 −1.6 ± 0.4 Candidate

J1001–5507 0.42 190 ± 20 −1.75 ± 0.09 Weak

J1017–5621 0.33 500 ± 100 −2.3 ± 0.2 Weak

J1057–5226 0.39 50 ± 10 −2.04 ± 0.07 Weak

J1512–5759 0.52 710 ± 40 −2.6 ± 0.1 Candidate

J1614–5048 0.43 800 ± 100 −2.6 ± 0.2 Weak

J1635–5954 0.50 630 ± 90 −2.7 ± 0.5 Weak

J1644–4559a 1.00 601 ± 7 −3.14 ± 0.02 Clear

J1651–4246 0.47 90 ± 6 −2.19 ± 0.03 Weak

J1658–4958 0.54 760 ± 90 −3.2 ± 0.6 Candidate

J1705–3950a 0.55 1100 ± 100 −0.9 ± 0.4 Candidate

J1723–3659a 0.48 650 ± 60 −1.2 ± 0.2 Weak

J1727–2739 0.53 800 ± 100 −2.8 ± 0.6 Candidate

J1743–3150a 0.79 480 ± 20 −2.9 ± 0.2 Strong

J1751–3323a 0.45 1000 ± 100 −1.4 ± 0.3 Weak

J1803–2137a 0.99 800 ± 30 −0.9 ± 0.1 Clear

J1806–1154a 0.48 650 ± 70 −3.4 ± 0.4 Weak

J1832–0827 0.46 500 ± 60 −1.5 ± 0.2 Weak

J1835–1020a 0.71 560 ± 50 −1.3 ± 0.2 Strong

J1836–1008 0.49 390 ± 50 −2.9 ± 0.2 Weak

J1843–0211a 0.51 800 ± 100 −2.3 ± 0.3 Candidate

J1913–0440 0.72 160 ± 20 −2.1 ± 0.1 Strong

Notes. aNew, known, or potential GPS pulsar; bMSP.

100 MHz. A further example is the pulsar J1803–2137, which has

a turn-over near 1 GHz. None of these pulsars is in a binary system,

but many are visible in X-rays, suggesting a connection of the turn-

over with absorption in a PWN. Most of the pulsars have strong

to clear classifications, or are very close to it. Half of them have

smooth turn-overs with β near or below unity and half have sharper

transitions with β ≥ 1.5.
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4.10.1 Examining evidence for free–free absorption

The thermal free–free absorption model as implemented by

Rajwade et al. (2016) or Kijak et al. (2017) is a special case of

this model, where the smoothness parameter β is fixed to a constant

value of 2.1. As such, it has three free parameters, one less than

the more generic low-frequency turn-over model. For completeness

and to enable comparison with previous work, we test this case

separately from the rest of the analysis presented in this paper. That

is, we compare the AIC of the free–free absorption model to those

of the four other models (as described in Section 3.5) and present

the parameters of the spectra that are best characterized by it in

the bottom part of Table 10. However, the values of pbest and the

classification categories in the bottom part of Table 10 should not

be compared with pbest and the categories presented for other mod-

els (in Tables 7–9). The free–free absorption model is not included

amongst the models compared in the rest of this work; therefore,

its AIC is not included in the calculation of pbest (equation 11)

as presented in other tables. Consequently, the bottom of Table 10

contains some pulsars that have higher values of pbest for other mod-

els (e.g. PSRs J1705–3950 and J1723–3659 in Table 7), although

the free–free absorption model becomes the preferred model for

these pulsars when it is included amongst those compared, the

preference is less significant. On the other hand, the table also

contains a few pulsars that have higher values of pbest for the free–

free absorption model (e.g. PSRs J1743–3150 and J1835–1020 in

Tables 8 and 7).

Generally, the table contains most of the pulsars that have low-

frequency turn-over spectra, all newly identified GPS pulsars, one

of the potential GPS pulsars and five, but not all, of the known

GPS pulsars (see Section 4.11). In addition, it contains a small

number of pulsars that otherwise have mainly weak log-parabolic,

simple or broken power-law classifications. This suggests that the

turn-over in these spectra could be due to free–free absorption, at

least for the spectra with relatively high turn-over frequencies near

500 MHz or above. However, we do not classify them as free–free

absorption for the following reason: there is considerable covariance

between the β parameter and the other fit parameters, in the sense

that for other fixed values of β between 0.5 and 2.1 a similar set

of pulsars is objectively characterized as a power-law spectrum

with low-frequency turn-over (and fixed β), but with shifted values

of spectral index, turn-over frequency and normalization. This is

because the spectral coverage at low frequencies is insufficient or

too uncertain to unambiguously resolve the sharpness of the turn-

over for many of these pulsars. For this reason, we prefer the more

generic turn-over model, where β is a free fit parameter, and classify

the spectra based on that.

4.11 Gigahertz-peaked spectra

Eleven pulsars in our data set show GPS, by which we mean spectra

with peaks between about 0.6 and 2.0 GHz, regardless of best-

fitting spectral model. Three others are potential GPS pulsars. The

distribution of best-fitting models is dominated by the LPS, with

eight pulsars having an LPS, four a broken power law and two a

power law with low-frequency turn-over. In addition, we indepen-

dently measured flux densities for all known GPS pulsars from

the literature, except PSR J1740+1000. In particular, these are

PSRs J1056–6258, J1743–3150, J1803–2137, J1809–1917, J1825–

1446, J1826–1334 and J1852–0635 (Kijak et al. 2007, 2011b;

Dembska et al. 2014, 2015b; Basu et al. 2016). Low-frequency

measurements by Bilous et al. (2016) recently suggested that PSR

Figure 7. Spectra of the newly identified GPS pulsars.

J1740+1000, which was initially thought to show GPS, has a simple

power-law spectrum with a large amount of flux density variability.

During the refereeing process of this paper, Kijak et al. (2017) iden-

tified another five GPS pulsars (PSRs J1644–4559, J1723–3659,

J1835–1020, J1841–0345 and J1901+0510), of which we have

measurements for three. In the following, we discuss the most in-

teresting spectra.

4.11.1 New identifications

We show the spectra of the newly identified GPS pulsars in Fig. 7.

PSR J1705–3950: It is a newly identified GPS pulsar with a candi-

date LPS classification. Dembska et al. (2014) declared it as a poten-

tial GPS pulsar, but could not determine the spectral turn-over. PSR
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J1751–3323: Our and the data from Han et al. (2016) determine the

spectral break around 1.3 GHz nicely. Its classification as a broken

power law is only weak, but the second most-preferred model is an

LPS with a peak around 1.1 GHz. The combined probability is 0.74

with respect to all other models tested. PSR J1806–1154: The pulsar

has a broken power-law spectrum with a break around 900 MHz.

4.11.2 Potential GPS pulsars

In addition to the new identifications, we find three further pulsars

that seem to exhibit GPS. In fact, two of them have a clear classi-

fication, indicating that significant spectral curvature is present and

that the spectral model is clearly preferred over all others tested.

However, we consider them potential GPS pulsars until further

low-frequency measurements are available that confirm their turn-

overs beyond doubt. We present their spectra in Fig. 8. They are

PSR J1055–6028, which has a clear LPS classification and a peak

around 900 MHz. We resolve its turn-over partially. Its pulse pro-

file at 1.4 GHz has a width of about 3.7 ms, occupies less than

10 per cent pulse longitude, and a single-sided exponential scatter-

ing tail is visible. The estimate of the scatter-broadening based on

equation (19) is too high. PSR J1830–1059 is another potential GPS

pulsar with a clear LPS classification. Kijak et al. (2011b) declared

its spectrum as unclear and speculated that it might be a broken

power law. Kijak et al. (2017) follows the same argument, but fits

its spectrum using a free–free absorption model. PSR J1843–0211:

The pulsar has an LPS spectrum with a peak around 600 MHz and

a candidate classification.

4.11.3 Different and complex spectra

We find that the spectra of two of the known GPS pulsars from

the literature seem to be consistent with a simple power law and

another seems to exhibit a complex morphology in addition to a

GPS. We show their spectra in Fig. 9. PSR J1056–6258: We find

that its spectrum is consistent with a simple power law with a

candidate classification. Our measurements determine its spectrum

between 0.7 and 3.1 GHz, where the GPS peak would be visible.

At best there is a hint of a low-frequency turn-over. In total, we

have good frequency coverage from 0.4 to 8.4 GHz. PSR J1809–

1917: Similarly, its spectrum is consistent with a simple power law

with a candidate classification in the frequency range studied. The

data from Kijak et al. (2011b) near 1.2 and 4.8 GHz do not pro-

vide enough evidence for curvature. In fact, a simple power law

also seems to be a better fit than the free–free absorption model

in Kijak et al. (2017). However, the pulsar might still show GPS

at lower frequencies, once measurements below 1 GHz are avail-

able. PSR J1644–4559: Its spectrum is best fit by a power law

with low-frequency turn-over around 600 MHz, suggesting a GPS

at a relatively low frequency. Interestingly, our measurements be-

tween 2.6 and 3.6 GHz indicate a spectral flattening in that range,

a spectral turn-up. The data from Bates et al. (2011) roughly agree

with this trend. However, the data at 8.4 and 17 GHz seem to be

consistent with a power-law scaling. We also detect spectral flat-

tening at high frequencies in other pulsars (Table 8) and Dai et al.

(2015) report steepening or flattening around 3.1 GHz for a small

number of MSPs. We speculate that its spectrum might be com-

plex, with a low frequency turn-over, a spectral break and turn-up

at intermediate frequencies and a return to near power-law scaling

afterwards.

Figure 8. Spectra of the potential GPS pulsars. Further low-frequency mea-

surements are needed to confirm their spectral turn-overs.

4.11.4 Confirmations

We confirm the GPS classification for the pulsars in Fig. 10. Some

of the spectra peak at rather low frequencies near 600 MHz, in par-

ticular the ones of PSRs J1835–1020 and J1743–3150. PSR J1825–

1446 and PSR J1826–1334: Their spectra peak around 1.3 GHz

with a strong LPS classification. PSR J1852–0635: We determine a

broken power law as best-fitting model, with a clear classification

category, rather than a power law with low-frequency turn-over, of

which the free–free absorption model used by Kijak et al. (2017) is
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Figure 9. Top: Spectrum of PSR J1056–6258, which was previously de-

clared to exhibit GPS. Middle: Spectrum of PSR J1809–1917, which sim-

ilarly is consistent with a simple power law in the frequency range tested.

Bottom: Spectrum of PSR J1644–4559, which seems to be complex, with

a peak near 0.6 GHz, indicating a GPS with a low-peak frequency and a

spectral flattening around 3.1 GHz.

a special case. Rajwade et al. (2016) and Kijak et al. (2017) fit the

spectra of a subset of these pulsars using the free–free absorption

model, which we have considered separately in Section 4.10.1. In

this work, we add a significant number of new flux density mea-

surements for each pulsar and perform an objective and unbiased

spectral classification amongst the models discussed in Section 3.5.

An example is PSR J1723–3659, where we determine the spectral

shape above 1.4 GHz.

4.12 Correlations of spectral index with pulsar parameters

For all pulsars that have simple power-law spectra, we test for

correlations between the measured spectral index α and various

pulsar parameters. Specifically, we test for a correlation between

α and log10|x|, where x is one of the pulsar parameters below.

The parameters are spin frequency ν̃, spin-down rate ˙̃ν, second spin

frequency derivative ¨̃ν, pulse period P, period derivative Ṗ , the DM,

the distance d to the pulsar, the characteristic age τ c, the surface

magnetic field Bsurf, the magnetic field at the light cylinder radius

BLC, the W50 and W10 pulse widths, the duty cycles δW50 and

δW10, the spin-down luminosity Ė and the total energy flux density

Ė/4πd2 of the pulsar. In addition, we test the following intrinsic

quantities, which are corrected for a kinematic term arising because

of the large transverse velocity of a pulsar and are calculated using

the intrinsic period derivative Ṗi. Namely these are Ṗi, τ c, i, Bsurf, i,

Ėi and Ėi/4πd2. All of these values were taken from the ATNF

pulsar catalogue. Most of these quantities are covariant, because

they depend on basic pulsar parameters such as spin frequency and

spin-down rate.

We test the correlation by visual inspection and compute the

Spearman rank correlation coefficient to characterize its strength.

It is non-parametric and robust against outliers (Ivezić et al. 2014).

We used the implementation in the PYTHON library SCIPY
4 (Jones

et al. 2001). We first test all pulsars in our single power-law data

set, then the pulsars in binary systems and the isolated pulsars sep-

arately. Finally, we test the MSPs (P ≤ 30 ms) and the slow pulsars

separately. A selection of the resulting correlation coefficients and

corresponding p-values are shown in Table 11 together with the

number of pulsars N for which the correlation was computed.

We find the highest correlation between spectral index and spin-

down luminosity, magnetic field at the light-cylinder radius and

spin-down rate. For the total data set (all), these have a moderate

positive correlation with a maximum correlation coefficient of 0.44.

The probability that this could arise by chance is very low, see

the quoted p-values. The energy flux density shows roughly the

same positive correlation as Ė and there is a weaker negative one

with the characteristic age τ . Every other combination has a lower

correlation. If we constrain the spectral indices to those that have

uncertainties less than 0.5, the strength of the correlations increases

further to 0.46, 0.45 and 0.46 for ˙̃ν, BLC and Ė for the 247 slow

pulsars. Our conclusions, also the ones in the next section, stay the

same. That means that the spectral index gets flatter with increasing

absolute value of spin-down rate, magnetic field at the light cylinder

and spin-down luminosity – the faster the pulsar spins down and

the faster it loses rotational energy, the flatter is its spectral index.

For the intrinsic properties, it is not possible to determine a clear

correlation, as we do not have enough pulsars that have measured

transverse velocities. The same is true for pulsars in binary systems

and MSPs, as our sample size is not large enough to estimate it. The

analysis of the isolated and slow pulsars shows the same correlation

behaviour, as the majority of the pulsars in our data set are of this

type. We derive the following empirical relations between spectral

index, spin frequency ν̃ and spin-down rate ˙̃ν for the slow pulsars:

α(ν̃) = (0.62 ± 0.05) log10

(

ν̃

2.5 Hz

)

− (1.65 ± 0.02), (21)

4 http://www.scipy.org
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Figure 10. Spectra of the known GPS pulsars from the literature, for which we have new flux density measurements and whose GPS classifications we confirm.
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Table 11. Correlation of spectral index α with log10|x| for different pulsar parameters x and subsets of the total data set. rs is the Spearman rank

correlation coefficient, p is the corresponding p-value and N the sample size. We show only a selection of all the correlations tested. The correlations

with an absolute value of rs of at least 0.4 and a p-value of less than 1 per cent are marked in bold.

Set All In binary Isolated MSP Slow

#Pulsars 276 10 266 9 267

x rs (p, N) rs (p, N) rs (p, N) rs (p, N) rs (p, N)

ν̃ 0.37 (3.7e-10, 276) 0.25 (0.49, 10) 0.36 (1.3e-09, 266) 0.28 (0.46, 9) 0.37 (5.7e-10, 267)
˙̃ν 0.4 (9.5e-12, 275) 0.18 (0.63, 10) 0.42 (9.3e-13, 265) 0.38 (0.31, 9) 0.43 (3.1e-13, 266)

Ṗ 0.25 (3.8e-05, 275) − 0.018 (0.96, 10) 0.28 (3.8e-06, 265) 0.05 (0.9, 9) 0.28 (4.9e-06, 266)

BLC 0.43 (1.1e-13, 275) 0.45 (0.19, 10) 0.42 (5.9e-13, 265) 0.23 (0.55, 9) 0.43 (2.5e-13, 266)

τ − 0.35 (1.9e-09, 275) − 0.21 (0.56, 10) − 0.38 (1.2e-10, 265) − 0.5 (0.17, 9) − 0.39 (5.9e-11, 266)

Ė 0.44 (4e-14, 275) 0.39 (0.26, 10) 0.43 (2.3e-13, 265) 0.33 (0.38, 9) 0.43 (1.4e-13, 266)

α( ˙̃ν) = (0.23 ± 0.02) log10

(

| ˙̃ν|
2.2 · 10−14 Hz s−1

)

−(1.67 ± 0.02), (22)

where we show formal uncertainties from the fit at the 1σ level.

There is however a large scatter around the best-fitting line. The

measured spectral indices are shown in Fig. 11 in the spin-down

rate versus spin frequency plane. The spectral indices are shallower

the higher the absolute value of the spin-down rate is and to lesser

extent the higher the spin frequency is. The correlation between

spin-down rate and spin frequency is unrelated to the spectral index

measurements and is also present in the total ensemble of pulsars

listed in the pulsar catalogue. We used principal component analy-

sis to determine the principal component line. We then binned the

spectral indices data along this line, which is shown in the bottom

panel. We find that the mean spectral index increases roughly lin-

early with bin number above bin 4 and is nearly constant below that.

It could also be that we see a transition to flatter spectral indices

between normal pulsars and highly energetic ones around | ˙̃ν| of

10−13 Hz s−1.

4.12.1 Which pulsar parameter is the dominant one?

To find out which pulsar parameter is the dominant one in deter-

mining the spectral index, we computed the Spearman correlation

coefficient between the spectral index α and the function:

z = log10

(

ν̃a
∣

∣ ˙̃ν
∣

∣

b
)

, (23)

over a grid of a and b values, where ν̃ is the spin frequency and ˙̃ν

the spin-down rate. The resulting correlation coefficients have rota-

tional symmetry in the (a, b) plane and we re-parametrize the result

in terms of the polar angle β = arctan (b/a) measured against the

horizontal axis. Any combination of (a, b) values that has the same

ratio and therefore the same angle has the same correlation coef-

ficient. The maximum absolute correlation occurs for b/a = 0.55.

That means that for any combination of a and b that fulfils this

relationship the absolute correlation is maximized. The correlation

coefficient is zero for b/a = −0.29, which is close to the angle

corresponding to Bsurf. While we cannot untangle the influence of ν̃

and ˙̃ν on the spectral index, we can compare the a, b exponents of

all the pulsar parameters that we tested with this maximum value.

We find that it is neither Ṗ (−2, 1), Bsurf (−3/2, 1/2), nor τ (1, −1)

that determine the spectral index, as they all have negative b/a. On

the other hand, BLC (3/2, 1/2) and Ė (1, 1) are possible, with BLC

Figure 11. Top: Spectral index shown in the spin-down rate versus spin

frequency plane for all pulsars that have simple power-law spectra. The

blue dashed line indicates the principal component, or the best power-law

fit. Bottom: Projection of the data from the top panel along the principle

component line. Shown is the weighted mean spectral index computed in

bins along the line arranged from bottom left to top right.

being the closest and so the most likely parameter. However, the

correlation coefficient for Ė is slightly higher.

4.12.2 Robustness and significance of the correlations

We carried out extensive Monte Carlo simulations to assess the ro-

bustness of the correlations with respect to different sub-sets of the
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Table 12. Top: Comparison between (weighted) mean spectral indices from

this work and the literature. We consider only pulsars with simple power-law

spectra in all cases. Bottom: Intersection of pulsars studied in the various

projects.

Set #Pulsars ᾱ

This work 276 −1.60 ± 0.03

Lorimer et al. (1995) 279 −1.6

Maron et al. (2000) 263 −1.8 ± 0.2

Toscano et al. (1998) 216 (169a) −1.72 ± 0.04

Malofeev et al. (2000) 175 −1.47 ± 0.06

Bilous et al. (2016) 48 −1.4

Han et al. (2016) 228 −2.2

Comparison Overlap

[#, per cent]

Lorimer et al. (1995) – Maron et al. (2000) 261, 94

Lorimer et al. (1995) – Toscano et al. (1998) 20, 7

This work – Lorimer et al. (1995) 54, 20

This work – Maron et al. (2000) 53, 19

This work – Toscano et al. (1998) 61, 22

This work – Han et al. (2016) 55, 20

Note. aWe could reconstruct 169 of the slow pulsars (P > 20 ms) examined

by Toscano et al. (1998).

data and their significance in comparison with chance correlations.

We confirm that the correlations are robust, significant and we esti-

mate their uncertainties. We describe the details of the simulations

in Appendix B.

5 D ISC U SSION

5.1 Spectral indices and potential biases

Other authors have determined the mean spectral index for the popu-

lation of pulsars that they studied; for example, Lorimer et al. (1995)

found a mean spectral index of −1.6, Maron et al. (2000) found it to

be −1.8 ± 0.2 for single power-law spectra. More recently, Bilous

et al. (2016) measured the spectral indices at low frequencies of 110–

188 MHz and found a flatter mean spectral index of −1.4, which is

comparable to what Malofeev et al. (2000) found (−1.47 ± 0.06)

for a similar frequency range. When considering flux density data

in a narrow frequency range around 1.4 GHz, Han et al. (2016)

found that the histogram peaks at a steeper spectral index of −2.2.

In general, it seems that all previous studies that included a large

sample of pulsars (200–300 at least) over a large frequency range

(about 300 MHz to 1.4 GHz or more) resulted in mean spectral

indices of −1.6 to −1.8 (see Table 12). Our measurements are in

good agreement with these. It is interesting that the mean spectral

index that we find is very similar to the one calculated by Lorimer

et al. (1995). The question is, does the similarity in mean spectral

index arise because these studies analysed the same or a similar set

of pulsars? To answer this question, we compute the intersection

of observed pulsars in our data set with all the others. We find that

it is only of the order 20 per cent. This leads us to conclude that

the mean spectral index that we derived is independent of the set of

pulsars studied.

We have also shown that the observed spectral index distribution

is log-normal, which is different to what Bates et al. (2013) derived

for the intrinsic spectral index distributions of three pulsar surveys,

which they found to be Gaussian with mean spectral index of −1.4

and standard deviation of unity.

Another question is, have we introduced any biases in the result

due to the selection of primarily bright, slow and isolated pulsars? To

answer this, we compared the spectral index distribution derived in

this work with the one obtained using the pulsar catalogue alone. For

the spectral index estimation using the catalogue, we fit a power law

to each pulsar that had at least three flux density measurements. We

did not carry out any further spectral classification. The distribution

contains 369 pulsars, is nearly symmetric and is consistent with

being Gaussian with a mean spectral index of −1.68 and a median of

−1.72. The addition of a significant number of flux density points at

low and high frequencies from our survey and the literature (nearly

all of our measurements are new ones) combined with a robust

spectral classification has therefore skewed the distribution towards

flatter indices. We assert that this is a more realistic representation

of a sub-sample of the pulsar population and that further work at

low and high frequencies will likely strengthen this trend. Another

obvious bias is that our data set, as well as the pulsar catalogue,

represents only the discovered sample of radio pulsars, not the

population as a whole. That bias can be accounted for to some

extent using population synthesis techniques, as implemented for

example in the software PSRPOP, PSRPOPPY (Lorimer et al. 2006; Bates

et al. 2014). These can be used to study the underlying pulsar

distribution based on the observed one. Such a study is beyond the

scope of the current work.

5.2 Spectral index correlations

Lorimer et al. (1995) studied 343 pulsars in a combined data set

and found a correlation of spectral index with period, and a broad

inverse correlation between spectral index and characteristic age.

Specifically, they found a negative correlation between α and period

for all pulsars studied with a Spearman rank correlation coefficient

of −0.15 and for only normal pulsars of −0.22. MSPs showed a

strong positive correlation between α and P with a correlation co-

efficient of +0.51. For the correlation between α and characteristic

age they found coefficients of −0.22 and −0.19 for all pulsars and

normal pulsars, respectively. They claimed that the characteristic

age, rather than the period, is the key parameter that determines the

value of the spectral index. On the other hand, Maron et al. (2000)

studied 281 pulsars and found no correlation between spectral index

and period, period derivative, characteristic age and polarization and

profile type. In addition, Izvekova et al. (1981) found that the spec-

tral index increases significantly with period at low radio frequen-

cies between 61 and 408 MHz. Our analysis agrees with Lorimer

et al. (1995) in the sense that we also find a negative correlation

of spectral index with period and characteristic age, with a higher

absolute correlation coefficient than in their work (see Table 11).

We confirm that a negative correlation exists for normal pulsars. It

also agrees with Han et al. (2016) in so far as they find the highest

correlation with spin-down luminosity and potential drop in the po-

lar gap (0.32); again we find a higher correlation. On the other hand,

we find the highest absolute correlation between spectral index not

with P and τ , but with spin-down luminosity, magnetic field at the

light-cylinder radius and spin-down rate.

5.3 Deviations from a simple power-law spectrum

In this work, the spectra of 73 pulsars (21 per cent) deviate signifi-

cantly from a simple power law. Three scenarios for the deviations

can be conceived: (1) an environmental origin of the observed spec-

tral features, i.e. pulsars emit radiation with featureless power-law
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spectra and absorption processes in their environments are responsi-

ble for the spectral deviations. In that case, we expect a correlation

between the occurrence of spectral features and the presence of

dense material near a pulsar, or along the line of sight. Observations

of pulsars in high-density environments that have simple power-

law spectra provide constraints for that hypothesis. (2) The spectral

features are intrinsic to the pulsar emission mechanism or due to

(absorption) processes in the magnetosphere (e.g. synchrotron self-

absorption), or the emission efficiency might change with radio

frequency. We would expect to observe similar spectral features

in all pulsars, given sufficient frequency coverage and measure-

ment precision. In particular, pulsars with similarly well-determined

spectra should show similar features. (3) The emission physics is

not generic, for example the emitted spectrum and its features could

depend on spin frequency, beam geometry or other pulsar param-

eters, and might change differently with radio frequency between

pulsars.

We tested the hypotheses and find the following. All of the best-

determined spectra (≥40 data points) deviate from a simple power

law. Most have broken spectra, or power laws with low-frequency

turn-over. This suggests that the spectral features are intrinsic. In

addition, we searched for 2D spatial correlations between the pul-

sars with spectral deviations and Galactic SNRs, MCs, X-ray, GeV

and TeV γ -ray sources from the literature (Dame, Hartmann &

Thaddeus 2001; Wakely & Horan 2008; Green 2014; Acero

et al. 2015; Rosen et al. 2016; Rice et al. 2016). We use these as in-

dicators for partially or fully ionized dense environments. Eleven of

the 73 pulsars have potential associations within 2 arcmin or within

the extent of literature sources, out of which 4 are with SNRs or

MCs. These potential, purely 2D associations are PSR J1707–4053

(hard cut-off) – SNR G345.7–0.2, PSR J1745–3040 (LPS) – SNR

G358.5–0.9 and PSR J1857+0212 (LPS) – SNR G35.6–0.4. PSR

J1055-6028 (LPS, potential GPS) is spatially close to the edge

of a MC. We repeated the analysis with the 15 pulsars with the

best-determined simple power-law spectra (pbest ≥ 0.7, ≥20 data

points). One pulsar has a potential X-ray association, but there are

none with SNRs or MCs. This suggests that the spectral features

are partially environmental in origin. However, the sample size of

the best-determined power-law spectra is small and our analysis

does not include distance information, as the distances are either

unknown or have large uncertainties. With regard to hypothesis 3,

it is not unthinkable that spectral features depend on pulsar param-

eters, given that the spectral index shows a weak dependence with

rotational parameters.

6 C O N C L U S I O N S

In this work, we present the largest sample of absolute calibrated

pulsar flux density measurements to date. The data consist of new

measurements at up to three centre frequencies (728, 1382 and

3100 MHz) of 441 radio pulsars, all taken with the Parkes radio

telescope. We carefully calibrated the data and estimated their un-

certainties. We studied the effects of interstellar scintillation using

long-term pulsar observations that span 8.5 years and accounted for

them in our measurements. We combined our measurements with

spectral data from the literature and implemented an algorithm to

objectively and robustly classify the pulsar spectra in an unbiased

way into five different spectral classes. Our conclusions are the

following:

(i) There is good overall agreement between the flux densities

from this work and from the ATNF pulsar catalogue at 1.4 GHz.

However, in some cases, the catalogue data differ significantly. Most

notably, the flux densities from the PMPS (Manchester et al. 2001;

Kramer et al. 2003; Hobbs et al. 2004; Lorimer et al. 2006) are in

some cases about a factor of 2 lower than our measurements and

other literature data.

(ii) The vast majority of pulsars (79 per cent) have featureless

simple power-law spectra in the frequency range studied.

(iii) The observed spectral indices closely follow a shifted log-

normal distribution. This has direct implications for population syn-

thesis studies for future pulsar surveys. The weighted mean spectral

index is −1.60 ± 0.03 with a standard deviation of 0.54, which is

consistent with previous work. It is largely independent of the set

of pulsars studied.

(iv) The second largest class of pulsar spectra are the log-

parabolic ones (10 per cent), with roughly 60 per cent of them peak-

ing below 500 MHz, 30 per cent peaking between 0.7 and 2 GHz

and 10 per cent having slightly concave spectra.

(v) The origin of the curvature in the LPS spectra is unclear. Only

one of the pulsars is in a binary system, but five (14 per cent) have

known high-energy counterparts, making an origin due to (free–

free) absorption in ionized high-density environments such as pulsar

wind nebulae, SNRs or H II regions, as suggested by Lewandowski

et al. (2015), Rajwade et al. (2016) and Kijak et al. (2017), more

likely. It could also be that we simply resolve an intrinsic turn-over

at low and high frequencies in these sources.

(vi) We identify 11 gigahertz-peaked spectrum pulsars, of which

3 are newly identified and 8 are confirmations of known GPS pul-

sars. Three others show evidence of GPS, but require further low-

frequency measurements to confirm the classification. Their spectra

are best-fit by an LPS (8), broken power law (4) and power law with

low-frequency turn-over (2).

(vii) We confirm the classification for 8 of the 10 known GPS

pulsars measured in this work. However, PSRs J1056–6258 and

J1809–1917’s spectra are consistent with simple power laws in the

frequency range studied. In addition, PSR J1644–4559 might have

a complex spectrum with a spectral flattening around 3.1 GHz and

a turn-over at low frequencies.

(viii) The spectra of 73 (21 per cent) pulsars deviate from a simple

power law. These include prominent and well-studied pulsars such

as the Vela pulsar (PSR J0835–4510), J1752–2806 and the MSPs

J0437–4715, J0711–6830, J1024–0719 and J1045–4509.

(ix) The physical reason for the occurrence of spectral fea-

tures is uncertain. Our analysis suggests that the observed

features are partially intrinsic to the emission mechanism

or (absorption) processes in the magnetosphere and partially

environmental.

(x) Following the prescription given by Kontorovich & Flanchik

(2013), we derive unexpectedly low emission heights for three pul-

sars of 15–27 km (< 0.1 per cent of the light-cylinder radius), which

could point to a problem in the spectral fitting of these sources or

in the adopted emission model.

(xi) The highest correlation between spectral index is with spin-

down luminosity, magnetic field at the light cylinder radius and

spin-down rate. This suggests that the rate of loss of rotational

energy and/or the magnetic field strength at the light-cylinder are

the key parameters that predict the spectral index.
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A P P E N D I X A : IN F L U E N C E O F

SCINTILLATION ON OBSERV ED PULSAR

FL U X DEN SITIES

We summarize below the formulas from the literature that we use in

our theoretical simulation of the influence of scintillation on mea-

sured pulsar flux densities in Section 3.3.1. The variability in flux

density can be characterized by the modulation index mν = σS,ν

S̄ν
,

where σ S, ν is the standard deviation and S̄ν is the mean flux den-

sity computed over all measurements for a given pulsar at a centre

frequency ν (Lorimer & Kramer 2012). There are two scintillation

regimes, strong and weak scintillation, depending on the value of

the scintillation strength:

u =
√

ν

�νDISS

, (A1)

where ν is the observing frequency and �νDISS is the diffractive

scintillation bandwidth, which is the frequency range over which

diffractive scintillation is correlated (Cordes & Lazio 2002). The

total modulation index is given by

m2
tot =

{

m2
DISS + m2

RISS + mDISS mRISS if u > 1

m2
weak if u < 1

. (A2)

In the case of strong scintillation (u > 1), the total modulation

index is a combination of the effects of strong DISS and RISS and

can be larger than unity (Rickett 1990). For the diffractive part,

the modulation index decreases from unity as more scintles are

averaged, both in the frequency and in the time domain; that is,

mDISS = 1/
√

Nf Nt , (A3)

where the number of scintles

Nf ≈ 1 + η
B

�νDISS

; Nt ≈ 1 + η
t

�tDISS

. (A4)

Here, B is the observing bandwidth, �νDISS is the diffractive scin-

tillation bandwidth, t is the observing time, �tDISS is the diffrac-

tive scintillation time and η = 0.15 (Cordes & Lazio 1991; Bates

et al. 2014). The modulation index due to RISS can be computed

as

mRISS = u−1/3. (A5)

Typically, DISS affects pulsar flux densities on time-scales of min-

utes to hours and RISS affects them on time-scales of months to

years and becomes measurable only if DISS has been accounted for.

Nearly all of our pulsar observations occurred in the strong regime.

For weak scintillation (u < 1), the modulation index is

mweak = u5/6. (A6)

�νDISS and �tDISS depend on the exact line of sight to the pulsar

through the Galaxy, i.e. its Galactic coordinates, its DM, velocity

and the observing frequency.

We compute the scintillation bandwidth and time using the NE2001

Galactic free electron-density model and calculate the expected total

modulation index using equation (A2) for each pulsar, observing

frequency and bandwidth. The calculation considers the correct

number of frequency sub-bands and observation times to replicate

the data. We use the transverse velocity listed in the pulsar catalogue

for pulsars for which it is known; otherwise, we assume a default

value of 100 km s−1.

A P P E N D I X B : RO BU S T N E S S A N D

S I G N I F I C A N C E O F T H E SP E C T R A L

I N D E X C O R R E L AT I O N S

Given that 35 per cent of the pulsars are from radio timing observa-

tions for the Fermi γ -ray mission (P574) and that these are nearly all

high-Ė pulsars, we tested how robust our findings are with respect

to this subset. We calculated the correlation independently for the

P574 pulsars and the rest (P875). In the P574 data set, most of the

correlations are present, in particular the ones with ˙̃ν, BLC and Ė,

but with a reduced significance. In the P875 data set, which con-

tains more pulsars, the correlations are less significant, but visible

for some parameters, such as BLC. We studied the correlations in

randomly drawn subsets of the whole data set to understand how

the mixture of data affected our conclusions. We focused on the

three most significant correlations, the ones with spin-down rate,

BLC and Ė for the slow pulsars. We resampled the data without

replacement 105 times in each run of varying sample size, calcu-

lated the correlation with spectral index and analysed the resulting

distribution. The correlations are largely independent of the choice

of subset. The uncertainties reduce towards higher sample sizes as

expected. In a second test, we performed a bootstrap estimation of

the uncertainties of the correlation coefficients, i.e. we resampled

the whole data set 105 times with replacement and determined the

1σ uncertainties from the distribution. The results are 0.43+0.05
−0.05,

0.43+0.05
−0.05 and 0.43+0.05

−0.05 for ˙̃ν, BLC and Ė, respectively. This agrees

well with our previous estimates.

In addition to using the p-values given above as a measure of the

significance of the correlations compared with the uncorrelated case,

we carried out a Monte Carlo simulation to assess their significance.

In particular, we drew random samples of spectral index from a

shifted log-normal distribution with values of 0.2, −4.6 and 3.0

for the shape, location and scale parameter, which should resemble

the spectral index distribution (see Section 4.6). For the second

simulated data set, which should resemble log10|x|, we drew random

values from a Gaussian distribution with a mean of −13.6 and
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standard deviation of 1.3 for ˙̃ν, 2.3 and 1.1 for BLC and 33.4 and

1.5 for Ė. The sample size was 276 in each case. These values were

extracted from fits of a Gaussian distribution to the data for the

pulsars with simple power-law spectra in our sample. We found that

the log10|x| distributions are nearly Gaussian with S–W test values

of 0.99 (0.04), 0.99 (0.002) and 0.99 (0.01), respectively, although

formally we have to reject the normality hypothesis in all cases. The

values in brackets are the corresponding p-values. These simulated

data sets are uncorrelated. We then tested for chance correlations

between the simulated spectral index sample and each of the other

ones using the Spearman correlation coefficient. We did that for

1010 simulated random samples each and defined the random chance

probability for correlation as the number of samples for which the

Spearman correlation coefficient rs reached at least a given value a

in a one-tailed test, i.e. by considering the absolute value only. We

fit a quadratic function to the chance probabilities:

psim = p(|rs| ≥ a) (B1)

from the simulation in logarithmic space and extrapolated psim to a

selection of a values that matched the measured correlation values

above. The resulting probabilities are 1.65 × 10−11 (for α versus
˙̃ν, a = 0.40), 2.56 × 10−13 (for α versus BLC, a = 0.43) and

2.30 × 10−13 (for α versus Ė, a = 0.44). The values agree with

the p-values of the corresponding pulsar parameter correlations in

Table 11 to within 40–80 per cent, with the difference arising most

likely because of the extrapolation. That means that the p-values are

trustworthy and that a correlation between α and the other pulsar

parameters by chance is extremely unlikely. We conclude that the

correlations that we see in our data are real.

A P P E N D I X C : SP E C T R A L DATA

Table C1. Band-integrated flux densities at 728, 1382 and 3100 MHz, the spectral classification, the frequency range �ν, the classification was performed

over and an eventual spectral index was determined for, the spectral index α for the pulsars that have simple power-law spectra and the robust modulation

index mr at all three centre frequencies for pulsars of which we have at least six measurement epochs. The flux density uncertainties include scintillation and a

systematic contribution, in addition to the statistical uncertainty. Upper limits are reported at the 3σ level and all other uncertainties at the 1σ level. The full

table is available online.

PSRJ S728 S1382 S3100 Class �ν α mr, 728 mr, 1382 mr, 3100

(mJy) (mJy) (mJy) (GHz)

J0401–7608 4 ± 2 – 0.8 ± 0.5 pl 0.4 – 3.4 −1.5 ± 0.5 – – –

J0437–4715 300 ± 200 160 ± 20 30 ± 30 broken pl 0.08 – 17.0 – – – –

J0511–6508 1.3 ± 0.7 0.6 ± 0.2 <0.1 – 0.7 – 1.4 – – – –

J0519–6932 – 0.14 ± 0.04 – – 1.4 – 1.4 – – – –

J0536–7543 11 ± 7 – 3 ± 2 pl 0.4 – 3.5 −1.8 ± 0.4 – – –

J0543+2329 25 ± 2 10.7 ± 0.7 3.0 ± 0.2 broken pl 0.1 – 32.0 – 0.18+0.2
−0.08 0.41+0.09

−0.04 0.23+0.3
−0.07

J0601–0527 6 ± 2 – 0.6 ± 0.2 pl 0.1 – 4.9 −1.74 ± 0.08 – – –

J0614+2229 8.8 ± 0.8 3.3 ± 0.2 0.76 ± 0.06 pl 0.09 – 3.5 −1.77 ± 0.05 0.25+0.07
−0.2 0.18+0.01

−0.03 0.22+0.1
−0.08

J0624–0424 3.0 ± 1.0 – <0.05 pl 0.1 – 1.4 −1.0 ± 0.5 – – –

J0627+0706 3.8 ± 0.2 1.39 ± 0.08 0.31 ± 0.05 pl 0.4 – 3.1 −1.6 ± 0.2 0.11+0.03
−0.05 0.27+0.02

−0.06 0.39+0.04
−0.1

J0630–2834 180 ± 90 – 1.6 ± 0.8 low turn-over 0.04 – 10.6 – – – –

J0656–2228 0.9 ± 0.4 3.0 ± 1.0 0.3 ± 0.2 pl 0.7 – 3.1 −1.0 ± 1.0 – – –

This paper has been typeset from a TEX/LATEX file prepared by the author.

MNRAS 473, 4436–4458 (2018)
Downloaded from https://academic.oup.com/mnras/article-abstract/473/4/4436/4315944
by Swinburne Library user
on 27 February 2018


