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ABSTRACT

The pulsar B0458-+46 was previously believed to have a distance of about 1.3 kpc and to be associated with a nearby supernova
remnant, SNR HB9 (G160.9+4-2.6). We observe the neutral hydrogen (H 1) absorption spectrum of PSR B0458+46 by using the
Five-hundred-meter Aperture Spherical radio Telescope (FAST), and detect two absorption lines at radial velocities of Vi ggr =
—7.7 and —28.1 km s~!. Based on the Galactic rotation curve with a modification factor correcting for the systematic stream
in the Galactic anticentre region, we derive the kinematic distance of the farther absorption cloud, which is found to be located
2.7f8j§ kpc away, just beyond the Perseus Arm. We also obtain a direct distance estimation of the farther absorption cloud
as being 2.31“('):; kpc, based on a comparison of the velocity with the HI emission in the Perseus and Outer Arms that was
well-defined by recently measured parallax tracers. As a result, we conclude that PSR B0458+-46 should be located beyond the
Perseus Arm, with a lower limit for the distance at 2.7 kpc, and therefore not associated with SNR HB9. The doubled distance
indicates a deficiency of thermal electrons in the immediate outer Galaxy, with a much less density than current models predict.

Additionally, we detect a new high-velocity H1 cloud in the direction of this pulsar.

Key words: pulsars: individual: PSR B04584-46.

1 INTRODUCTION

Pulsar distance is a fundamental parameter for several related
studies such as population syntheses (e.g. Lorimer et al. 2006)
and pulsar luminosity function (e.g. Wu et al. 2020). The distance
to a radio pulsar can be inferred from the dispersion measure
(DM) by DM = Od‘smnce n. ds based on a distribution model for
electron density 7., with ds being the unit segment along the line of
sight. However, independent measurements of pulsar distances are
necessary to construct a reliable model of the Galactic free electron
density distribution (e.g. Taylor & Cordes 1993; Cordes & Lazio
2002; Yao, Manchester & Wang 2017). There are three methods for
obtaining an independent pulsar distance (Frail & Weisberg 1990;
Verbiest et al. 2012): (1) direct parallax measurements of pulsars
(e.g. Deller et al. 2019), (2) association with an object of known
distance (e.g. Camilo et al. 2002; Lemiere et al. 2009), and (3)
kinematic distance of low-latitude pulsars derived from foreground
neutral hydrogen (H1) clouds (e.g. Weisberg, Boriakoff & Rankin
1979; van Leeuwen et al. 2015).

Kinematic distance constraints can be obtained from the absorp-
tion of pulsar emission by foreground H1 clouds (Frail & Weisberg
1990). The distance of an H 1 cloud located in the Galactic plane can
be estimated through a Galactic rotation curve model that converts
the measured radial velocity of the cloud into distance (e.g. Blaauw
& Schmidt 1965; Fich, Blitz & Stark 1989; Brand & Blitz 1993;
Reid et al. 2019). If foreground HIclouds obscure a pulsar, the HI

* E-mail: hjl@nao.cas.cn

© 2023 The Author(s)

Published by Oxford University Press on behalf of Royal Astronomical Society

absorption lines should appear against the emission of that pulsar
(e.g. Weisberg et al. 1979, 2008; Weisberg, Rankin & Boriakoff
1980; Frail & Weisberg 1990), which sets a lower limit on the pulsar
distance. Conversely, if a cloud does not produce any absorption, the
measurement of the cloud could provide an upper limit for the pulsar
distance. The kinematic distance constraints of 62 pulsars have been
utilized to model the distribution of free electrons in the Galaxy (e.g.
Yao et al. 2017).

To successfully observe and resolve the HI absorption line in
pulsar emission, either the pulsar must be strong or the radio telescope
must be sensitive enough to achieve a reasonable signal-to-noise
(S/N) ratio within an affordable observation time (see, e.g. Frail &
Weisberg 1990). The Five-hundred-meter Aperture Spherical radio
Telescope (FAST; Nan 2006; Nan et al. 2011) is a highly sensitive
radio telescope capable of efficiently observing H 1 absorption spectra
better than other telescopes (e.g. Yu et al. 2022).

PSR B0458+-46 (J0502+-4654) is a pulsar that was first discovered
by Damashek, Taylor & Hulse (1978) during the early scanning
survey of the old 300-feet (91 m) transit radio telescope at Green
Bank. It is located in the Galactic disc at the Galactic coordinates of
(I, b) = (160.3628°, +3.0766°). PSR B0458+46 has a spin period
of 0.6386 s and a DM of 41.834 pc cm™ (see the updated webpage!
version of Manchester et al. 2005). Its distance is estimated to be
about 1.3 kpc according to its DM value using the Galactic electron
density model (e.g. Cordes & Lazio 2002; Yao et al. 2017). PSR
B0458-+46 is located inside the supernova remnant (SNR) HB9

Uhttps://www.atnf.csiro.au/people/pulsar/psrcat/
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Table 1. FAST observation parameters for PSR B0458+-46.

1260 @ 2022-08-18
1260 @ 2022-08-22
3600 @ 2022-09-17

Observational length(s) @ Date

FAST spectral backend:

Spectral sampling time (s) 0.1006633
Spectral central frequency (MHz) 1420
Spectral bandwidth (MHz) 31.25
Spectral frequency channel number 65536
Spectral frequency resolution (kHz) 0.4768
Spectral velocity resolution (km s~!) 0.1007

Spectral polarization products XX, YY, X*Y, and XY*

FAST pulsar backend:

PSR sampling time (us) 49.152
PSR frequency range (MHz) 1000-1500
PSR frequency channel number 2048

PSR polarization products XX, YY, X*Y, and XY*

(G160.94-2.6) in the sky, raising suspicions that the two objects
might be physically associated (e.g. Damashek et al. 1978; Mitra
et al. 2003; Leahy & Tian 2007). This SNR is probably very nearby,
located within 1 kpc (Leahy & Tian 2007; Zhao et al. 2020). However,
there have been no independent distance measurements for this
pulsar.

We use the FAST to observe the HI absorption line of PSR
B0458+-46. The observations and data processing methods for ob-
taining the pulsar H I absorption spectrum are described in Section 2.
In Section 3, we present the results of our FAST observations.
In Section 4, we discuss relevant issues, including the potential
association with the SNR HBO and the electron density distribution
in the outer Galactic disc. We summarize our findings in Section 5.
As a by-product, we detect a new high-velocity HI cloud in the line
of sight of this pulsar, which is presented in the Appendix A.

2 OBSERVATIONS AND DATA REDUCTION

2.1 Observations

We conducted FAST observations of PSR B0458+-46 using the
central beam of the L-band 19-beam receiver (Jiang et al. 2020)
on 2022 August 18 and 22 as the main part of project PT2022_0197,
and on 2022 September 17 in the context of project ZD2022_2. The
observational parameters are summarized in Table 1. Both the spec-
tral backend and pulsar backend were used to simultaneously record
data. The receiver covers a frequency range of 1000-1500 MHz.
At the beginning of every observation session, the calibration signals
with an amplitude of T}eise = 1.1 K and an on—off period of 2.01326 s
are injected to the receiver feed for 2 min, and the data with these
calibration signals are recorded for calibrations.

To observe the HI line, we used the N-mode of the FAST spectral
backend, which splits signals from a bandwidth of 31.25 MHz around
1420 MHz into 65 536 frequency channels. This provides a frequency
resolution of 0.4768 kHz, corresponding to a velocity resolution of
0.1 kms~! for the H1 line. The spectral backend accumulates and
saves data every 0.1 s during the observations.

During all observation sessions, we use the FAST pulsar backend
to simultaneously record searching-mode data with a time resolution
of 49.152 us for 2048 frequency channels that cover the frequency
range of 1000-1500 MHz, each with the 4 polarization products
(XX, YY, X*Y, and XY*).
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Figure 1. The integrated pulse profiles of PSR B0458+-46 obtained from
data recorded by the FAST spectral backend (solid line, 256 phase bins per
period) and pulsar backend (dotted line, 512 phase bins per period). Note
that the spectral backend saves data every 0.1 s, equivalently a sample for
about 40 phase bins for the solid line. The pulse-on phase range of the folded
spectral data is marked by two vertical dashed lines.

2.2 Data processing

We conducted careful processing of the narrow-band spectral data.
First, we manually checked the radio frequency interference (RFI)
level for each observation session and found that the data around
1420 MHz were very clean, requiring no RFI mitigation for spectral
data. Next, we obtained the intensity calibration factors from the
2-min sub-session with on—off calibration signals. The data were
folded with a period of 2.01326 s, and the calibration factors were
derived from the machine number differences between the noise-on
and noise-oft spectra. With such a scale factor, the machine number
in real observation data for the total power can be converted to
antenna temperature 75. A pulsar can contribute §74 to the system
temperature. Taking the FAST gain of G = 16 KJy~! (see table 5 in
Jiang et al. 2020), one can convert the §T's of pulsar to the mean flux
density S, with a formula of S, x P/W = 6Ta/G, where P is the spin
period and W is the pulse width.

For velocity calibration, we used the PYTHON package ASTROPY
(Astropy Collaboration 2013, 2018) to correct for the Doppler effect
induced by the spin and orbit of the Earth, which allowed us to
measure radial velocities relative to the barycentre of the solar
system. Finally, we modified the barycentric velocity of H1 clouds
to the velocity Vigr towards the local standard of rest (LSR), by
adopting the standard solar motion with 20 km s~! towards RA
(1900) of 18" and Dec. (1900) +30° (see Kerr & Lynden-Bell 1986).
The values in the Galactic Cartesian frame are (U, V¢, W) = (10.0,
15.4, 7.8) km s~!. Here, U is the velocity towards the Galactic
centre, Vg is parallel with the circular motion of the Galaxy; and W,
is towards the northern pole of the Milky Way.

The barycentric period of PSR B04584-46 is calculated from the
ephemeris of the pulsar catalogue V1.67 (Manchester et al. 2005),
and produces the topocentric period for folding pulses. For each
frequency channel, we fold data into 256 phase bins per pulsar period,
though one sample of 0.1 s can feed into 40 phase bins. We obtain
a waterfall plot in the frequency and pulse phase dimensions. The
frequency-integrated pulse profile observed by the spectral backend
is shown in Fig. 1, compared with a high time resolution pulse profile
obtained by the pulsar backend folded by DSPSR? (van Straten &
Bailes 2011). The broadening of the pulse is caused by the smearing

Zhttp://dspsr.sourceforge.net/
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effect of the coarse sampling time of 0.1 s in the FAST spectral
backend. According to the integrated profile in Fig. 1, the pulse-on
phase is taken as the bins with an intensity greater than the half-
maximum, and the pulse-off range is taken as the phase range outside
0.4-0.6.

In principle, averaging the pulse-on data and pulse-off data from
the FAST spectral backend across all spectral channels can produce
the pulse-on spectrum and pulse-off spectrum, respectively. How-
ever, high resolution spectral measurements can always be affected
by standing waves that significantly impact spectral analyses. To
obtain the pulsar absorption spectrum, we remove the standing waves
naturally by subtracting the averaged pulse-off spectrum from the
averaged pulse-on spectrum, which are both affected by the same
standing waves. Because the spectral data are well-calibrated, we
obtain an absorption spectrum with a satisfactory baseline [see
Fig. 2(b) for the sum of three sessions, and Fig. B1 for three individual
sessions]. Nevertheless, to observe the H1 emission line spectrum
[see Figs 2(a)], corrections for the standing waves and baseline in
the pulse-off spectrum is necessary. We fit the data with a wave
model, and obtain good results for each session (see Appendix A for
details, demonstrated in Fig. A1), and finally get the HI emission
spectrum in Figs 2(a).

3 RESULTS AND DISCUSSION

With the measurements for pulse-on and pulse-off temperature and
the FAST gain of 16 K Jy~!, we get the flux density of PSR B0458+-46
obtained from the well-calibrated different antenna temperatures be-
tween pulse-on and pulse-off spectra. PSR B0458+46 was measured
by FAST to have mean flux densities of 2.3 + 0.3, 2.4 4+ 0.4, and
2.5 £ 0.2 mly in three observation sessions. The uncertainty of the
flux densities is the root mean square (RMS) of the pulsar spectra
around 1420 MHz. The averaged mean flux density at 1.42 GHz
measured in the three sessions is 2.4 & 0.2 mJy, which agrees with
2.5 &£ 0.1 mJy at 1.4 GHz given by Lorimer et al. (1995).

The absorption spectrum of PSR B0458+46 is obtained as a
weighted-average of the three measurement sessions and is shown
in Fig. 2(b). Two absorption lines are detected at radial velocities
of Visr = —7.7 and —28.1 km s~'. Based on the radial velocity at
the absorption centre and the modified velocity—distance conversion
curve [see Fig. 2(c) and details below], a lower limit for the pulsar
distance is estimated to be 2.7 kpc.

In the following, we discuss the results in detail.

3.1 H1 emission lines

The HI emission lines in the direction of PSR B0458+46 were
previously obtained from available surveys, such as the Effelsberg-
Bonn H1 survey (i.e. EBHIS, see Winkel et al. 2016). Our new
FAST observations have a smaller beam and a better sensitivity, but
get similar HT emission lines to the previous data. We normalize the
FAST measurements to conform to the precise brightness temperature
of Ty given by Winkel et al. (2016). The great similarities of the line
details are shown in Fig. 2(a) between our new FAST measurement
and previous results.

3.2 Pulsar H1 absorption spectrum

The pulsar spectrum, showing the HI absorption line of pulsar
emission as in Fig. 2(b), is the difference between the spectra
gathered in the pulse-on and pulse-off phase ranges. The pulsar
spectra obtained during all three observation sessions reveal the

H 1 absorption of PSR B0458+46 4951
PSR B0458+46 /=160.3°, b=3.0°
T T T
80+ T T T s EBHIS -
(a) HI emission FAST
60+ B
<
40/ :
20+ B
0
} } } } }
(b) PSR spectrum 6V=2.0kms?t
+307 i
$1.0 ';n;ﬁuﬁwaﬂﬂumgﬁ Lna ﬂmﬂﬁfﬂ'l;unl;ﬂhﬁlcﬁumu S240.0
- —3or o "
. 0.5
0.5r 3 sessions added
1.0
2.0
0 } t t } }
14 @ ]
S 1.9 kpc, —21.1 km s~
2 :
S 2.7 kpc, —28.1 km s71
23t :
&8~ 3.6kpc, —35.1kms™?!
%]
[apn il
5, -
~100 =50 0 50 100
Visr (kms™1)

Figure 2. FAST observations of HI lines for determining the lower limit
for the distance of PSR B0458+-46. (a) Top subpanel: The observed H1
emission line integrated from all three sessions, compared with the result from
the EBHIS (Winkel et al. 2016). (b) Middle subpanel: Final H1 absorption
spectrum of the pulsar, obtained as the weighted sum of three sessions, plotted
together with 3o T lines and the marked absorption line area. The spectrum
is scaled by its median unabsorbed value, which is scaled by FAST gain and
get So = 2.4 mly. The ot lines are obtained by considering the contributions
from H1 emission [see equation (B1)]. The opacity t on the right-hand side
is derived from e~ = S,,/Sy. Two vertical dotted lines correspond to the two
peaks of absorption lines. (c) Bottom subpanel: Velocity—distance conversion
for H1 clouds on the line of sight of PSR B0458+-46, that is derived from the
Galactic rotation curve but modified by a factor of 1.6 (see the text) caused
by the systematic streaming motion in the Galactic anticentre. A grey shadow
indicates the velocity probability range caused by the random peculiar motion
of H1 clouds.

presence of two distinct H1 absorption lines, as shown in Fig. B1,
probably because the HI clouds in front of the pulsar do not exhibit
significant variations (e.g. Stanimirovié et al. 2003; Weisberg et al.
2008; Liu et al. 2021) in the time-scale of only one month (rather
than years). However, the low S/N ratio of each session prevents us
from confidently claiming any significant changes in the observed
H1 absorption lines. To improve the S/N ratio of the HI absorption
lines, especially the one with a more negative velocity which comes
from distant clouds, we add these results from all three observations
(Fig. B1) and obtain the finally weighted average for the pulsar
HT absorption spectrum as shown in Fig. 2(b). No doubt that two
absorption lines are detected at the velocities of Vi gg = —7.7 and
—28.1 km s~ !, with a S/N ratio of more than 4o for both. Here, o1
results from the system temperature, plus the extra noise temperature
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from the strong H1 emission in these frequency channels (Weisberg
et al. 2008), see Appendix B for details.

Notice that any improper calibration of the pulse-on or pulse-off
spectra may leak the strong H I emission line into the final absorption
spectrum, which then forms the ‘ghosts of HI emission” (Weisberg
et al. 1980). There is no evidence of this phenomenon in our FAST
observation result in Fig. 2(b), probably because (1) the spectral
sampling with 0.1 s enables us to resolve the strongly fluctuating
individual pulses of PSR B0458+46, with six samples per period,
which enable us to properly separate the phase ranges for pulse-on
and pulse-off in every period; (2) both pulse-on and pulse-off spectra
are well-scaled; (3) the FAST spectral data have a large dynamic
range as they are expressed by 32-bit float; and (4) the baseline and
standing waves are the same for both the pulse-on or pulse-off spectra
and diminished properly from the spectrum subtraction.

3.3 New distance limit of PSR B0458+46

After the velocities of foreground HI clouds are determined, the
kinematic distance of the clouds can be estimated based on the
Galactic rotation curve and then the distance of a pulsar can be
constrained (e.g. Weisberg et al. 1980, 2008; Frail & Weisberg
1990; Verbiest et al. 2012). The conventional rotation curve that
constrains pulsar distances is given by Fich et al. (1989) and adopts
the International Astronomical Union (IAU) defined parameters of
Ro = 8.5 kpc and ®y = 220km s~!, where Ry is the distance to the
Galactic centre and ®y is the rotation speed of the Galaxy at Ry (Kerr
& Lynden-Bell 1986). Note, that the peculiar motions of HI clouds
in the Perseus Arm and Outer Arm need to be taken into account as
they have an additional motion in addition to the circular motion of
the rotation curve (see e.g. Reid et al. 2019; Peek, Tchernyshyov &
Mibville-Deschenes 2022), which prevents their distances from being
derived directly from the rotation curve. Therefore, it is necessary
to modify the velocity—distance conversion in the direction around
| ~ 160°. We modify the velocity—distance conversion curve by a
factor of 1.6 to the observed radial velocities, similarly to what was
done for 100° < I < 140° (Joncas, Roger & Dewdney 1989; Frail &
Weisberg 1990). Such a modification can be applied to the longitude-
distance curve of each spiral arm from a longitude-velocity curve
(e.g. Vallée 2008), so that the newly calculated longitude-velocity
curves match the observed spiral arms very well, as shown in Fig. 3.
Particularly, to estimate the distances of the clouds obscuring PSR
B0458-+46, this modified velocity—distance conversion is used in
Fig. 2(c). An uncertainty caused by possible non-circular and random
peculiar motions of clouds with a typical value of 7 km s~! (Dickey
& Lockman 1990; Reid et al. 2009; Wienen et al. 2015) is indicated
by the shadowed region in Fig. 2(c). The nearby cloud for a peak
velocity of Vi sg = —7.7km s~! has a distance of 0.6 &= 0.6 kpc. The
distant cloud with a peak velocity of Visg = —28.1km s~! should
be at a distance in the range of (1.9, 3.6) kpc, mostly probably
2.7 kpc. Because the pulsar must be behind the distant cloud, we
therefore adopt the lower distance limit of PSR B0458+-46 as being
2.7+0% kpe. This pulsar is probably located behind the centre of the
Perseus Arm at 1.9 kpc in this direction (see Fig. 3).

4 DISCUSSIONS

The new distance limit of PSR B0458+-46 being Dy, = 2.710 3 kpc
has clear implications on the possible association with SNR HB9 and
also the Galactic electron density in the outer Galaxy. Nevertheless,
we noticed that Reid et al. (2014, 2019) have measured the parallax-
based distances of masers, and developed a new ‘universal’ rotation
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Figure 3. Top panel: The background image is the longitude-velocity plot
of HI integrated from |b| < 3.5° of EBHIS (Winkel et al. 2016) in the
longitude range of / = 60-170°. The dotted lines are the Perseus Arm and
the Outer Arm outlined according to Reid et al. (2019). The dashed and solid
lines represent the velocity—longitude curves calculated from the original
and modified velocity—distance conversions, respectively. At the longitude
of the pulsar, the red dot denotes the HT absorption of —28.1 km s~! with
an error bar of 7 km s~!, while the two crosses indicate the velocities and
distances of Perseus and Outer Arms given by Reid et al. (2019). Bottom
panel: Velocity—distance conversion curves in the direction of the pulsar. The
dashed black line represents the original conversion from the conventional
rotation curve of Fich et al. (1989), while the solid black line has been modified
by a multiplicative factor of 1.60 on the negative velocity (see the text). The
dash—dotted blue line, which lies virtually atop the solid line, represents the
modified conversion from the rotation curve of Reid et al. (2019).

curve for the Milky Way. We discuss if the use of this revised rotation
curve can lead to an alternative distance estimate.

4.1 Alternative distances from a new Galactic rotation curve or
simply the HT gas location in arms

The rotation curve of the Milky Way is fundamental for kinematic
distance estimation from the observed radial velocities. Recent years’
new accurate parallax-based measurements of distances of spiral arm
tracers have made significant improvements to the Galactic rotation
curve and also Ry and ®, (Reid et al. 2014, 2019). The adoption of
this new rotation curve may lead to more reliable velocity—distance
conversions. Among several parameter sets in Reid et al. (2019),
the AS fitting is the best with little-assumed priors, and we adopt
a set of self-consistent Galactic parameters from the A5 model for
the velocity—distance conversions, in which ®, = 236 £ 7 km s!
and Ry = 8.15 £ 0.15 kpc, and (U, V, W) = (10.6 1.2, 10.7 £
6.0, 7.6 £0.7) km s~

€20z 1snBny Gz uo Jasn A10jeAIasqQ [eolwouoisy [euoneN Aq || 1861 2/6761/7/SZS/aIo1le/seluw/wod dno olwapeoe//:sdiy Wolj papeojumoc]


art/stad1782_f3.eps

However, the non-uniform rotation of the Milky Way and the
presence of streaming motions have to be cautioned for the velocity—
distance conversion. As shown in Fig. 3, the velocity must be
multiplied by a factor of 1.37 in the Galactic longitude range of /
= 60° to 170°, so that the measured H1 gas arms can be consistent
with the determined Perseus Arm and Outer Arm. We found that
with such a factor of 1.37, the velocity—distance conversion is almost
the same as that of the conventional rotation curve (Fich et al. 1989)
with a factor of 1.60 (see Fig. 3). The resulting distance limit by this
new conversion is 3.0 = 1.0 kpc, which in fact is consistent with
the result obtained from the conventional rotation curve (Fich et al.
1989) mainly due to a different factor.

Reid et al. (2016) have demonstrated a technique for calibrating
kinematic distance based on the positions of spiral arms, although
it differs slightly from the method presented here. The association
between velocities of known sources and the H1 absorption lines
presents an invaluable tool for distance determination, complement-
ing with parallax-based measurements of spiral arm and the gas
kinematic distances derived from Galactic rotation curves. As shown
in Fig. 3, the absorption line observed at a velocity of —28.1 km s~!
matches the velocity for the outer side of the Perseus Arm, which
directly suggests that the HI cloud obscuring PSR B0458+46 is
likely associated with the Perseus Arm centered at approximately
1.9 £ 0.2 kpc away along the line of sight (Xu et al. 2006; Reid et al.
2019). In fact, a cloud at a distance of 2.3 kpc can be directly
derived for the velocity of —28.1 km s~! from the interpolation of the
locations for the Perseus and Outer Arms in this direction as shown
in Fig. 3, without involving any rotation curve model, since there are
excellent measurements of the location of two spiral arms (Xu et al.
2006; Reid et al. 2019).

4.2 The association between PSR B0458+46 and SNR HB9

PSR B0458+46 is located within the sky area of SNR HB9, leading
to a possibility of physical association between the two objects.
However, the physical association cannot be determined without
verifying the distances of the two objects.

Various methods have been employed to estimate the distance of
SNR HBO. In the early days, Caswell & Lerche (1979) derived the
relation between the SNR surface brightness ¥ and the diameter D
for a number of SNRs, and got a distance of 1.8 kpc for SNR HBO.
Milne (1979) also found a £ — D relation and suggested the distance
of 1.3 kpc for the SNR. Analysing the Ho lines surrounding the SNR,
Lozinskaya (1981) got an estimated value of 2 + 0.8 kpc derived from
the velocity Visg of —18 £ 10 km s~! of He filaments. Investigating
the early X-ray observation of that SNR, Leahy & Aschenbach (1995)
estimated the distance as 1.5 kpc using the evapourative cloud model.
Based on the morphological relevance of the radio image of the SNR
and the frequency channel maps in the velocity range of —3 < Vigr
< —9 km s~! of HI emission in the new H1T surveys, Leahy & Tian
(2007) concluded the distance of SNR HB9 is 0.8 £ 0.4 kpc. Sezer
et al. (2019) analysed the X-ray, gamma-ray, and radio images of
the SNR, and also verified the H1 morphology of different velocities
from the new H 1 surveys, and concluded that the distance to the SNR
HBO is 0.6 £ 0.3 kpc. Ranasinghe & Leahy (2022) recently revised
it to 0.7 £ 0.4 kpc. By observing the extinction of stars, Zhao et al.
(2020) suggested a distance of 0.54 & 0.10 kpc.

Considering the more recent and improved data, it is evident that
the distance to SNR HB9 should be less than 1.0 kpc. Thus, the much
closer distance of SNR HB9 compared to the larger distance of PSR
B0458+-46 indicates that they are not physically associated.
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Figure 4. PSR B0458-+46 (the star) on the radio emission map of the SNR
HBY produced by the 6-cm survey data of Gao et al. (2010). The proper
motion of PSR B0458+46 (Harrison, Lyne & Anderson 1993) is indicated
by a solid arrow, with its uncertainty indicated by a blue fan-shaped region
and a suggested previous location between dashed lines.

Furthermore, the observed proper motion of PSR B0458+46 also
does not support the physical association. Its proper motion has been
measured by the very long baseline interferometry (VLBI; Harrison
etal. 1993): oy = —8 £ 3 masyr~!, us = 8 & 5 mas yr~!, and timing
(Hobbs et al. 2004): tqcos (§) = 1 £ 8 mas yr~!, us = 42 & 19 mas
yr~!'. Because the error bars of the VLBI measurement are much
smaller than those of timing, a moving direction, and the uncertainty
from the VLBI are adopted. The possible region for the birthplace of
PSR B0458+46 can be traced back as shown in Fig. 4, apparently
too far away from the geometric centre of the SNR.

4.3 Electron density in the outer disc

Using a lower distance limit of Dy, = 2.7 kpc and a DM
of 41.834 pc cm™>, the mean electron density between PSR
B0458+46 and Earth (n.) is determined to be less than DM/Dy
= 41.834/2700 = 0.0155 cm~3 as depicted in Fig. 5. This result is
significantly lower than the values previously predicted by models of
the Galactic electron density distribution (Cordes & Lazio 2002; Yao
et al. 2017), indicating the deficiency of electrons in the immediate
outer Galaxy in the anticentre region.

To verify the electron density distribution in different parts of
our Galaxy, e.g. in the spiral arms and inter-arm regions, in the
central bulge and anticentre region, we need to measure the dispersion
of pulsed signals and the distance of many pulsars. The latter is
challenging to achieve, as demonstrated by this work.

5 SUMMARY

By using the FAST, we observe the H1 absorption lines from the
foreground clouds in front of PSR B0458+4-46. The two absorption
lines were detected at velocities of —7.7 and —28.1 km s~!,
respectively. Using the conventional Galactic rotation curve (Fich
et al. 1989) and accounting for the modification on its velocity—
distance conversion near the Galactic anticentre (Frail & Weisberg
1990), the most probable distance of the farthest foreground H1cloud

MNRAS 523, 4949-4956 (2023)

€20z 1snBny Gz uo Jasn A10jeAIasqQ [eolwouoisy [euoneN Aq || 1861 2/6761/7/SZS/aIo1le/seluw/wod dno olwapeoe//:sdiy Wolj papeojumoc]


art/stad1782_f4.eps

4954  W. C. Jing et al.
PSR B0458+46 1=160.3°, b=3.0"
0.15 —— NE2001
YMW16
“owof, O T (ne)
£
S
<0.05 /\\K
=N J A\
0.00
200

DM (pc cm~3)
=
o
o

IS
=
o)

D,

o

3 4 5 6
Distance (kpc)

Figure 5. Top panel: Electron density along the line of sight to PSR
B0458+-46 in the Galactic electron density models, NE2001 (Cordes & Lazio
2002), and YMW16 (Yao et al. 2017). The area of the hatched rectangle
bounded by the lower distance limit and the associated mean electron density
must be equal (by definition) to the dispersion measure. The corresponding
areas under the two modelled electron density curves are much higher. Bottom
panel: Comparison of the DM of PSR B0458+46 with model predictions.
The shadowed area stands for possible range of pulsar distance, caused by

the random cloud motion of 7 km s~!.

in front of this pulsar is around 2.7 kpc. We try to use the new derived
rotation curve of Reid et al. (2019) but with a different modification
factor to account the streaming motions in the Galactic anticentre,
and get a similar distance. In fact, the direct interpolation of the H1
gas velocities in the parallax-based spiral arms for the absorption
clouds with a velocity of —28.1 km s~! gives a distance of 2.3 kpc.
We take 2.7 kpc as the lower distance limit of PSR B0458+46 with
three reasons: (1) it is consistent with previous standard procedures;
(2) it is between the 3.0 &+ 1.0 and 2.3:1):% kpc in Section 4.1; and (3)
all of them are consistent in the uncertainty. We therefore conclude
that PSR B04584-46 must be located behind the Perseus Arm and
not physically associated with SNR HBO. The larger distance of PSR
B0458+46 implies a much lower electron density in the anticentre
region, indicating the deficiency of electrons in the immediate outer
Galaxy.

Such a new measurement of HI absorption lines of pulsars by
the sensitive FAST observations demonstrates the FAST capability of
constraining new kinematic distances of pulsars and contributing to
improve the Galactic electron density distribution model in the near
future.
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APPENDIX A: THE BASELINE AND
STANDING-WAVE FITTING AND A
HIGH-VELOCITY H1 CLOUD

There is a new HI emission line at the velocity of —190 km s~!
clearly detected by FAST observations, as shown in the bottom panel
of Fig. Al. Data from the EBHIS are shown together for comparison.

To verify the detection, we present and check the raw spectra from
XX and YY polarization products of all three observation sessions
in the top panel of Fig. A1. Though the standing waves and baselines
are different for each session, the HI line for this high-velocity H1
cloud presents in all spectra. Therefore, the cloud revealed by this
weak high-velocity line is a true detection.

In general, the standing waves and baseline can be removed by a
model-fitting to the line-off region of the pulse-oft spectrum with:

TA(Visr) = Tsw sin(wo Visg + w1 VLZSR + @) +k x Visg + To, (A1)

here, the parameters k and T are set for the linear term, and Tsw, wy,
w1, and ¢ are set for the waves along Vi sg.

This newly detected emission line should come from a distant
or high-velocity H1 cloud (as reviewed by Wakker & van Woerden
1997), similar with the clouds pointed out in the appendix D of Soler
et al. (2022). Such a cloud can be investigated by the piggy-back
recorded spectral data during the FAST GPPS survey (Han et al.
2021), as done by Hong et al. (2022).

H 1 absorption of PSR B0458+46 4955

2022.09.17: XX 2022.09.17: YY
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2022.08.18: XX 2022.08.18: YY
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Figure Al. FAST detected H1emission lines in the resolution of 1.3 km s~
with and without subtraction of the standing waves and baselines, zoomed to
show the details. In the fop panels, the sinusoidal-like baselines on the H1
spectra are shown for XX and Y'Y polarization in three observation sessions,
respectively. The baseline-removed and summed result is shown in the bottom
panel and compared with that from the EBHIS (Winkel et al. 2016). A high-
velocity H1 cloud is detected at the velocity of around —190 km s~! by the
FAST observation.
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APPENDIX B: DETECTION OF PULSAR H1
ABSORPTION IN THREE SESSIONS

We present the detected absorption in three observation sessions
in Fig. B1. All three pulsar spectra show the two absorption lines
clearly. Due to the strength of the HTI line, the radiometer noise in
the on-H I-line portion of a spectrum is enhanced with respect to the
noise in the off-line portion of the same spectrum (Weisberg et al.
2008). The noise, in the temperature units, at any frequency f, is
given by

Tsys + THI(f)
\ nptimAf |

where Ty, is measured system temperature, Ty, is H1 temperature, n
= 2 is the number of the polarization probes, #, is the observational
time of the pulse-on spectra, and Af’is the frequency resolution of the
pulsar spectra. The system temperature is Ty, ~ 20 K (Jiang et al.
2020), and the temperature of HI lines Ty;(f) shown in Fig. 2(a) is
about 40-70 K, and then fluctuations due to ‘system’ temperature
are therefore enlarged as shown in Fig. B1 and also Fig. 2(b).

or(f) = (B1)
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Figure B1. Pulsar spectra obtained in three observational sessions, showing
the absorption lines. The thin dot line represents the fluctuations caused by
the system temperature and extra temperature from H1 emission lines.

This paper has been typeset from a TEX/IATgX file prepared by the author.

© 2023 The Author(s)
Published by Oxford University Press on behalf of Royal Astronomical Society

€20z 1snBny Gz uo Jasn A10jeAIasqQ [eolwouoisy [euoneN Aq || 1861 2/6761/7/SZS/aIo1le/seluw/wod dno olwapeoe//:sdiy Wolj papeojumoc]


art/stad1782_fB1.eps

	1 INTRODUCTION
	2 OBSERVATIONS AND DATA REDUCTION
	3 RESULTS AND DISCUSSION
	4 DISCUSSIONS
	5 SUMMARY
	ACKNOWLEDGEMENTS
	DATA AVAILABILITY
	REFERENCES
	APPENDIX A: THE BASELINE AND STANDING-WAVE FITTING AND A HIGH-VELOCITY Hi CLOUD
	APPENDIX B: DETECTION OF PULSAR Hi ABSORPTION IN THREE SESSIONS

