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ABSTRACT

Pulsar dispersion measures (DMs) have been used to model the electron density of the interstellar medium
(ISM) in the Galactic disk as a plane-parallel medium, despite significant scatter in the DM-distance distribution
and strong evidence for inhomogeneities in the ISM. We use a sample of pulsars with independent distance
measurements to evaluate a model of the local ISM in the thick disk of the Galaxy that incorporates turbulent
fluctuations, clumps, and voids in the electron density. The latter two components are required because ~ 1/3
of the lines of sight are discrepant from a strictly plane parallel model. A likelihood analysis for smooth
components of the model yields a scale height zyp = 1.571“8: ﬁ kpc and a mid-plane density ng = 0.015£0.001
cm~3. The scatter in the DM-distance distribution is dominated by clumps and voids but receives significant
contributions from a broad spectrum of density fluctuations, such as a Kolmogorov spectrum. The model is
used to identify lines of sight with outlier values of DM. Three of these pulsars, J1614—2230, J1623—0908,
and J1643—1224, lie behind known HII regions, and the electron density model is combined with Ha intensity
data to constrain the filling factors and other substructure properties of the HII regions (Sh 2-7 and Sh 2-27).
Several pulsars also exhibit enhanced DM fluctuations that are likely caused by their lines of sight intersecting

the superbubble GSH 238+00+09.
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1. INTRODUCTION

An accurate Galactic electron density model is crucial for
estimating pulsar distances when independent distance mea-
surements are unavailable, in addition to estimating effects
of the ISM on pulsar timing for gravitational wave detection.
The main input to such a model is pulsar dispersion. Pul-
sar dispersion measures (DMs) combined with parallax dis-
tances can be used to estimate the mean electron density 7,
of the ISM along a given line of sight (LoS) through the re-
lation DM = fOD nedl pc cm~3, where D is the distance to
the pulsar. Extant models of Galactic electron density divide
the Galactic ISM into thin and thick disk components, with
more complex models like NE2001 (Cordes & Lazio 2002)
and YMW16 (Yao et al. 2017) including features like spiral
arms and the Local Bubble.

Understanding the distribution of free electrons in the
Galactic ISM is also needed for the interpretation of angu-
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lar scattering, scintillations, and plasma dispersion of extra-
galactic sources, including intraday variable sources and fast
radio bursts (FRBs) (e.g., Vedantham et al. 2017; Petroff et al.
2019). FRBs, in particular, receive contributions to DM from
the Milky Way, the intergalactic medium (IGM), and their
host galaxy. Separation of measured DMs into these three
components requires an accurate foreground model for the
Galaxy whether or not a redshift has been measured for the
host galaxy. Similarly, modeling scattering and scintillation
from foreground plasma is needed to interpret the flux den-
sity distributions of FRBs, particularly those that repeat.
NE2001 is the most widely used Galactic electron den-
sity model, but has been shown to inaccurately predict some
DMs at high Galactic latitudes (Gaensler et al. 2008; Jen-
nings et al. 2018). Pulsars at high latitudes sample the thick,
warm ionized component of the ISM as well as other com-
ponents in the thin disk or local ISM. Using DMs and in-
dependent distance measurements, numerous studies (Taylor
& Manchester 1977; Vivekanand & Narayan 1982; Reynolds
1989; Nordgren et al. 1992; Gaensler et al. 2008; Savage &
Wakker 2009; Schnitzeler 2012) have shown that the elec-
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tron density at these latitudes roughly follows a plane-parallel
model of the form n, = nge~|?1/%0 where ng is the mean
electron density at mid-plane, 2 is the electron density scale
height, and z is the vertical distance from the Galactic plane.
Since the plane-parallel model has a sharp cusp at z = 0,
the NE2001 and Taylor & Cordes (1993) (TC93) Galac-
tic models use a more physical z dependence of the form
sech?(|z|/zo) for the thick disk component of the Galaxy. In
both the plane-parallel and hyperbolic secant models, the in-
tegrated column density of the entire Galactic disk has an
asymptotic value of ngzg, but the scale heights of these mod-
els are not equivalent, as the integrated column density of
the hyperbolic secant model reaches ngzo at lower |z|. Sim-
ilar to previous studies, our focus is on the |z| dependence
of electron density, and it is implicit that the plane-parallel
component is restricted in Galactocentric radius.

Over the past decade, empirical studies have estimated
the scale height of the plane-parallel model and found it
ranges from 1410 pc (Savage & Wakker 2009) to 1830 pc
(Gaensler et al. 2008), and they have consistently argued
that NE2001’s scale height of 1 kpc is therefore too low.
We note that despite these differences in scale height, the
models generally agree with NE2001 on the integrated col-
umn density through the entire disk (ngzp ~ 23 pc cm™?).
The most recently created Galactic model, YMW 16, also de-
parts from empirical scale height studies, since it uses a scale
height of 1675 pc for the extended thick disk component,
but has a significantly lower total integrated column density,
nozo = 18.9 4 0.9 pc cm 3.

All previous studies were based on limited pulsar samples
and did not meaningfully constrain inhomogeneities along
the lines of sight. This study aims to not only update the thick
disk modeling to include new pulsar distance measurements,
but to also account for the effects of turbulence and discrete
structures in the relatively local ISM.

Turbulence in interstellar plasma is probed by a variety of
pulsar observations, from temporal DM variations to pulse
broadening times and scintillation. Numerous studies over
the past few decades have shown that pulsar observations
imply an electron density power spectrum broadly consis-
tent with a Kolmogorov power law up to an outer spatial
scale of about 10'® meters (e.g., Armstrong et al. 1995; Kr-
ishnakumar et al. 2015). Most recently, Lee & Lee (2019)
used Voyager mission detections of plasma oscillations just
outside the heliopause to demonstrate that the Kolmogorov
power law can extend down to even smaller scales than those
probed with pulsars. Previous estimates of the scale height
and mid-plane density of the Galactic disk did not include
the effect of turbulence in their models (e.g., Gaensler et al.
2008), or they incorporated a DM variance that was not based
on a physical model of interstellar turbulence (e.g., Savage &
Wakker 2009).

Using the most updated sample of pulsar distance mea-
surements made with parallaxes and globular cluster asso-
ciations, we investigate a model for the electron density of
the Galactic disk consisting of a plane-parallel medium with
density fluctuations due to Kolmogorov turbulence. We iden-
tify lines of sight with DMs that depart significantly from
the model owing to the presence of foreground HII regions.
Constraints on the internal properties of these regions are
made using the electron density model. Section 2 describes
the model’s theoretical framework, Section 3 summarizes the
sample of pulsar distance measurements, and Sections 4 and
5 describe the results of fitting the model to the pulsars’ dis-
tances and using deviations from the model to identify and
characterize discrete structures in the ISM. Conclusions and
plans for future work are given in Section 6.

We use the following notation throughout the paper: the
electron density model consisting of a plane-parallel medium
with Kolmogorov density fluctuations is referred to as the
PPK model. The integrated column density predicted by the
model is referred to as N to distinguish it from observed pul-
sar DMs, and the following shorthand is used for the perpen-
dicular component of observed DM and the corresponding
model estimate: DM = DMsin(]b) and N.,. When men-
tioned, dispersion measure (DM), scattering measure (SM),
and emission measure (EM) are in their standard units of pc
em 3, kpe m—29/3_ and pc cm 6, respectively.

2. THE ELECTRON DENSITY MODEL

Full Galactic electron density models like TC93,
NE2001, and YMW 16 adopt a multi-component structure in
which a homogeneous medium serves as a baseline to which
more realistic complexities are added. To model the thick
disk, we adopt the same approach by adding Kolmogorov
density fluctuations to the plane-parallel medium. While the
wavenumber spectrum along each LoS in our sample does
not exactly follow a Kolmogorov power law, in most cases
it is a good benchmark model of the spectrum. In the elec-
tron density model, the plane-parallel medium predicts the
mean electron density (and hence mean DM), while the Kol-
mogorov turbulence predicts the variance in that density/DM.
The mean and variance construct a likelihood function that
describes the probability of observing a certain DM given a
distance.

2.1. Plane-Parallel Spatial Dependence

We use a plane-parallel model for the mean electron den-
sity with a z dependence

fie0(2) = npe 1770 (1)

where ng is the mid-plane electron density, |z| = Dsin(|b])
is the perpendicular distance from the Galactic plane, b is
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the pulsar latitude, and zj is the scale height. The inte-
grated column density perpendicular to the plane (N.; =
(N, )sin(]b])) is then

Ne, (2) :nozo(l—e*‘z‘/zo). 2)

We refer to the integrated column density predicted by the
model as NN, to distinguish it from the observed pulsar DMs
used to fit the model. The maximum N, contributed by the
entire Galactic disk is N, (c0) = ngzo. This deterministic
model is augmented by adding Kolmogorov fluctuations and
clumps and voids to the electron density.

2.2. Kolmogorov Density Fluctuations

We include electron density fluctuations with an isotropic
Kolmogorov spectrum to give a total density of the form

Ne(X) = Te,0(2) + ng(x). 3)

The density fluctuations are a zero mean process with a sec-
ond moment that is related to the Kolmogorov spectrum:

(ng) = /dngnk (s,q), “)

where the spectrum is the product of a coefficient C?(s)
that varies slowly along a line of sight and a power-law in
wavenumber q:

Po(s,0) = o) %, T<g< )
0 1
(e.g., Lee & Jokipii 1975; Cordes et al. 1985; Rickett 1990;
Cordes & Lazio 2002). The spectrum extends from the outer
scale [y to the inner scale /;. Location along a line of sight of
length D is given by 0 < s < D. In practice the outer scale
is much larger (on the order of kiloparsecs) than the inner
scale, so we assume gy ~ 107'®* m~! and ¢; — oo (e.g.,
Armstrong et al. 1995).
A likelihood function is constructed to fit the model to the
data. The likelihood function £ for the model parameters ©
given observations of DM and distance (D) is

£(©) =1 [ 1o, { 12n0%, (1. D)1
! (6)

« o= DM —(N. (D)) /2%, (ﬁj,Dn},

where the distances D; are derived from parallaxes and glob-
ular cluster associations whose errors are described well by
a Gaussian probability density function (PDF), which yields
a PDF for the distance fp,(D;). The DM variance of this

model depends on the scattering measure (SM = fOD dsC?):
ok, = (3/5)5Mg; """, )

A derivation of the likelihood function is given in Ap-
pendix A.

3. PULSAR DISTANCES

There are over 140 pulsar parallax measurements in the
published literature', obtained through Very Long Baseline
Interferometry (VLBI), optical techniques (e.g. with the
Hubble Space Telescope or Gaia DR2), and pulsar timing.
We limit the sample to pulsars with fractional parallax un-
certainties less than 25%, and to avoid the complexities of
the inner Galactic disk and spiral arms, we exclude pulsars
with latitudes |b| < 20°, leaving the 37 pulsars shown in Ta-
ble 1. For pulsars with multiple parallax measurements, we
use the parallaxes with the smallest fractional uncertainties.
The pulsar parallaxes 7 are converted to distances from the
Galactic plane |z| according to |z| = (1/7)sin(]]), and the
errors propagated accordingly.

Pulsars have also been localized to 28 globular clusters?.
For each cluster with more than one pulsar we calculate the
average DM and take the uncertainty in the associated dis-
tance to be 15% (Schnitzeler 2012). In each case the 1o error
in the DM is much less than the uncertainty in the distance.
The globular cluster sample is also limited to [b| > 20°, leav-
ing the nine clusters shown in Table 1. About 30 pulsars have
also been discovered in the Magellanic Clouds, but are not
included here due to the uncertainty in the Clouds’ contribu-
tions to their DMs (Nordgren et al. 1992; Ridley et al. 2013).

4. SCALE HEIGHT AND MID-PLANE DENSITY

The scale height zy and mid-plane density ny are con-
strained using measurements of perpendicular distance from
the Galactic plane |z| and DM, = DMsin(]b|). Previous
scale height studies ignored pulsars with LoS through known
HII regions to avoid sources with excess dispersion (e.g.,
Gaensler et al. 2008; Schnitzeler 2012). We identified pul-
sars with significant DM excess by fitting the model itera-
tively and finding those pulsars more than 30 away from the
final best fit model (where o is the 68% confidence interval).
Hereafter, these pulsars are referred to as outliers. Seven of
these outliers have excess DMs caused by identifiable dis-
crete structures along the LoS and were excluded from the
fit; these outliers are discussed in Section 5. The rest of the
outliers are discussed in Appendix B.

4.1. Contributions to the DM Variance

Kolmogorov electron density fluctuations (c.f. Eq. 5)
contribute variance to DM according to Eq. 7. We incor-
porate this contribution in the likelihood analysis, where the
plane-parallel component yields the mean integrated column
density ((IV.)) and the Kolmogorov fluctuations yield the

'see the current list at www.astro.cornell.edu/research/parallax/, last up-

dated on March 2, 2020.

2 see the current list at www.naic.edu/~pfreire/GCpsr.html, last updated on
February 25, 2020.
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Table 1. Distance Measurements Beyond +20° Galactic Latitude

Pulsar l b DM DM T D |z|
J-Name B-Name (Degrees) (pc cm_s) (mas) (kpc) (kpc)
J0034—0721  B0031—07 110.420 —69.815 10.922  10.25 0.9319-0% 1.07515987 1.00975981
+0.054 +0.001 +0.001
3043747151 253.304 —41.963 2.645 177 6.396799%%  0.15675501 0.10475-501
J0751+1807" 202.730  21.086 30.246 10.88  0.66792 1.5179%% 0.551916
J0814+7429T  B0809+74  139.998 31.618 5751  3.01 2317004 0.43319-007 0.22710-004
J0826+26371  B0823+26  196.964 31.743 19.476  10.25 2.01079913 0.497%9:902 0.26219-997
10922406387  B0919+06  225.420 36.392  27.2986 16.20 0.83791% 1.2019:22 0.71%913
J0953+07557  B0950+08  228.908 43.697 2.969  2.05 3.8210-07 0.26119-90% 0.18110-99%
+0.041 +0.015 +0.01
71022+1001 7 231.795  51.101 10.252  7.98 1.387700%% 0.7279:91% 0.5679:%%
J1023+0038" 243.490  45.782 14.325  10.27 0.73179:9%2 1.36170-04 0.9815:9%
11024—0719° 251.702  40.515 6.477 421  0.89707% 112793, 0.73101%
J1136+15517  B1133+16  241.895  69.196 4.8407  4.53 2.687100:% 0.37279:902 0.34810:992
11239424537 B1237425  252.450  86.541 9.2515  9.23 1.16790-%% 0.86700% 0.8610 0%
J132148323  BI322+83  121.887  33.672 13.316  7.38 0.9710-94 1.03+0-17 0571919
114553330 330.722 22,562  13.5698 521  0.997032 1.0179:35 0.3970 ¢+
J1509+5531F  BI1508+55  91.325  52.287 19.619  15.52 0.4710-08 2.1210-1% 1.6810-11
J153242745  BI530427  43.481  54.495 14.691  11.96  0.627093 1.6170°%2 1.3179-28
J1537+11557  BIS34+12  19.848  48.341  11.6194  8.68 0.9619-0 1.0410-01 0.77810-008
1154340929 BI541409  17.811  45.775  34.9758 25.06  0.137002 7697159 5511508
J1543—0620  B1540—06 0.566  36.608  18.3774 10.96 0.322179:028 3.1019-59 1.8510-30
J1607—-0032  B1604—00  10.715  35.466 10.682  6.20 0.91079032 1.0979-%9 0.64700%
J1614—2230" 352.636  20.192 34.918 12.05 1.379:99 0.77+9-9¢ 0.27+9-92
J1623—0908 5.297  27.178 68.183 31.14 059791 1.6979-34 0.77191°
1164312241 5.669  21.218  62.4143 22.59 22794 0.451939 0.16150%
1164503177 B1642-03  14.114  26.062  35.7555 15.71 0.2527902% 3.9719:32 1.74791%
J1713+0747% 28.751  25.223 15.917  6.78 0.9410-95 1.0619-9¢ 0.45%9-93
J1754+5201  B1753+52  79.608  29.628  35.0096 17.31 0.16079929 6.257999 3.097949
JI840+5640  BI839+56  86.078  23.819  26.7716 10.81 0.6571096% 1.52+9:92 0.6119-008
J2006—0807  B2003—08  34.101 —20.304 32.39  11.24 0.42479919 2351974 0.82192%
J2048—1616"  B2045—-16  30.514 —33.077 11.456  6.25 1.0519:93 0.95%9-92 0.52+9-61
1212433581 10.925 —45.438  4.60096  3.28 317938 0.321907 0.2319:9%
+0.088 +0.62 +0.43
1212957211 338.005 —43.560 31.851 21.95 0.424759%8 2.3679°52 1.637053
121443933 2.794  —49.466 3.35 255  6.05703% 0.161992 0.13159
32145—0750" 47.777  —42.084 8.99  6.03 1.6037990% 0.62419:09% 0.427%9-692
+0.013 +0.0011 +0.0008
122220137 62.018 —46.075 3.277 236 3.7427001%  0.2672F0 0000 0.192570-9908
J2305+3100  B2303+30  97.721 —26.657  49.5845 22.25 0.223700%% 4.487052 2.0119-29
1231742149 B2315+#21  95.831 —36.075 20.86959 12.29  0.51790¢ 1.96179-20 1.157913
+0.021 +0.55 +0.49
12346—0609 83.798 —64.015 22.504 20.23 0.275790%% 3.670°55 3.277039
Globular Cluster l b DM DM # pulsars D |z|
NGC# ak.a. (Degrees) (pc cm_s) (kpc) (kpc)
NGC104 47Tuc 305.90  —44.89 24.4  17.24 25 4.5 3.2
NGCI1851 244.51  —35.04 52.1  29.94 1 12.1 6.95
NGC5024 M53 332.96 79.76 24.0 23.62 1 17.8 17.5
NGC5272 M3 42.41 78.71 26.4 25.86 3 10.4 10.2
NGC5904 M5 3.86 46.8 29.5 21.49 5 7.5 5.5
NGC6205 MI3 59.01 40.91 30.2  19.76 6 7.7 5.0
NGC6752 336.49  —25.63 33.4 14.43 5 4.0 1.7
NGC7078 M5 65.01  —27.31 66.9 30.68 8 10.3 4.73
NGC7099 M30 27.18  —46.83 25.1  18.29 2 8.0 5.8

NOTE—Pulsar parallaxes were obtained from Shami Chatterjee’s website www.astro.cornell.edu/research/parallax/ and the following references
therein: Chatterjee et al. (2001), Brisken et al. (2002), Deller et al. (2008), Chatterjee et al. (2009), Deller et al. (2012), Fonseca et al. (2014),
Guillemot et al. (2016), and Deller et al. (2019). Pulsars with multiple parallax measurements are indicated with a 1; in these cases, the parallax
with smallest fractional error is shown. Globular cluster distances were obtained from Paulo Freire’s website www.naic.edu/~pfreire/GCpsr.
html and references therein. For each cluster with more than one pulsar we calculate the average DM and take the uncertainty in the associated
distance to be 15%.
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variance ajzvp . The resulting likelihood function (c.f. Eq. 6) is
maximized when both the difference between (N,) and ob-
served DM and the variance 0%, are minimal (compounded
with the |z| errors).

Density fluctuations most likely scale with the square of
the local mean density (c.f. cloudlet model discussed in
the next section), so we assume that Cfl follows a plane-
parallel distribution with half the scale height of the elec-
trons: C2 = 012]70672|z|/z0’ where C2 = 10732 m~29/3,
For most pulsars in the data set, this yields SMs on the order
of 107 to 107> kpc m~2%/ and o on the order of 1 to 3
pc cm—3. However, for the highest |z| objects in the sample
(|z] > 2 kpc), the observed scatter in DM | is consistent with
an empirical rms opy ~ 10 pc em™3, much larger than the
rms predicted by the modeled turbulence. This rms DM is
likely due to the longer path lengths for these LoS, which in-
crease the probability of encountering clumps and voids. To
account for the observed variance in the DMs of these high-
|z| pulsars, we add a fractional DM error of 0.15DM ; for ob-
jects with |z| > 2 kpc. We tested the likelihood optimization
on a simulated sample of pulsars with DMs varying accord-
ing to the PPK model and found agreement between simu-
lated parameters and the maximum likelihood results with a
2 = 0.03.

4.2. Fitting Results

The normalized posterior probability density function
(PDF) was calculated from the likelihood function assum-
ing flat priors on the parameters, and the marginalized PDFs
were converted to cumulative distribution functions to find
best fit values of 2o = 1.57701% kpc and ng = 0.015-+£0.001
cm~3, implying N, (00) = 23.0 £ 2.5 pc cm™3, with
% = 0.5. The maximum log-likelihood was In(Lay) =
35.9. Including all outliers in the fit decreased In(Lpax) to
—31.1. The results of the PPK model are shown with ob-
served DM vs. |z| in Figure 1, and the posterior PDF is
shown in Figure 2. The seven outliers noted in Figure 1 have
departures from the model-predicted V. that are too large
to be explained by turbulent density fluctuations, although
the fluctuations could account for up to 60% of the deficient
DM for J1024-0719 and up to 40% of the excess DM for
JO751+1807. Kolmogorov fluctuations do induce a DM vari-
ance that is consistent with the scatter in DM vs. |z| for
most pulsars in the sample.

Some previously published values of ng and zy derived
from electron density modeling of the thick disk component
of the Galaxy are shown in Table 2. These references were
selected based on their exclusion of low latitude pulsars and
pulsars with excess dispersion, similar to our own analysis.
Our estimates of ng, zp, and N, (0co) are consistent with
Schnitzeler (2012) and Savage & Wakker (2009), but depart
slightly from the estimates of Yao et al. (2017), Gaensler

Table 2. Selected Scale Heights and Electron Densities in the
Literature

Reference ng (cm™3) zo (kpc) Ne, (00)
This Work 0.015  1.57T31% 235+25
Yao et al. (2017) 0.011  1.67T9%% 18.9+0.9
Schnitzeler (2012) 0.015  1.601930 244+4.2
Savage & Wakker (2009)  0.016  1.41%92% 22.6+4.0
Gaensler et al. (2008) 0.014  1.83%912 256+26
Cordes & Lazio (2002) 0.025 0.95 24.0

NOTE—These references were selected based on their exclusion of low
latitude pulsars and pulsars with excess dispersion, similar to our own
analysis. In all cases the error on ng is about +0.001 cm 3. The scale
height and mid-plane density used in NE2001 (Cordes & Lazio 2002)
are shown for comparison.

et al. (2008), and Cordes & Lazio (2002). Discrepancies in
the fitting procedure of Gaensler et al. (2008) have already
been discussed by Savage & Wakker (2009) and Schnitzeler
(2012), and likely contribute to the large contrast between
their inferred scale height and more recent estimates. Our re-
sults are consistent with previous findings that the Galactic
disk has a higher scale height and lower mid-plane density
than those used in NE2001.

The covariance between ng and zy mean that there is a
range of densities and scale heights that can produce the same
N, (00). Indeed, the most robustly determined quantity is
their product, N, (00), and the values obtained in differ-
ent references are in good agreement except for Yao et al.
(2017). Our estimate of N, (co) sits about midway between
the smallest and largest estimates from previous studies. The
degeneracy between ngy and zgp can only be broken with a
large distribution of accurate pulsar distance measurements
across the full latitude range, with enough sampling at the
highest |z]| to tightly constrain N, (c0). An accurate mea-
surement of N, (c0) is crucial to estimating the Galactic
contribution to the DMs of extragalactic sources like FRBs.

5. CLUMPS AND VOIDS

Seven of the pulsar outliers identified in the fit for
no and zp and highlighted in Figure 1 have large DM
departures from the model caused by discrete clumps
and voids along their LoS. Six of these notable outliers,
PSRs J0922+0638 (B0919+06), J0826+2637 (B0823+26),
JO751+1807, J1614—2230, J1623—0908, and J1643—1224,
show significant excess DMs, while J1024—0719 shows a
DM deficit. J1643—1224 was previously identified as ly-
ing behind the HII region Sh 2-27 (e.g., Harvey-Smith et al.
2011). We highlight these pulsars in bold in the following
sections for readers who wish to skip to discussion of spe-
cific pulsars.



6 OCKER, S.K., CORDES, J.M., & CHATTERIJEE, S.

—-@— ——
g —
e —a
.':/,/’ —a—
® L
| — e ,‘_ —
- 10 ® &~
[ag] e
! -
E .",o’ -
Q ¢
o N o
2 4
\; - Notable Outliers
s 7 % J0751+1807
a - ®  J0826+2637
o ®  10922+0638
-~ Pulsar ® 110240719
> 4 = Globular Cluster ® J1614-2230
g @ == Ner(z) 1o J1623-0908
_____ Ny (z) +30 ® J1643-1224
0.1 1 10
|z| (kpe)

Figure 1. The perpendicular component of DM vs. distance from the Galactic plane for objects with latitudes |b] > 20°. Blue squares
indicate globular clusters harboring pulsars, while black points indicate pulsars whose distances were obtained either by timing, optical, or

interferometric measurements of parallax. The dashed line indicates the plane-parallel component of the model (N, (2)), with zo = 1.5773:1%
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Figure 2. The 2D posterior and marginalized PDFs for the scale height 2y and mid-plane density ng, assuming flat priors on both parameters.

The 50th, 16th, and 84th percentiles of the cumulative distribution function for each parameter were taken to be the best fit value, lower error,
and upper error, respectively. The resulting constraints are 7o = 0.015 & 0.001 cm™3 and zp = 1.57f8:}2 kpc.
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A search through Ha, radio, and molecular line sur-
veys revealed that two other pulsars lie behind HII re-
gions: J1623—0908, which also lies behind Sh 2-27, and
J1614—2230, which lies behind a diffuse nebula containing
Sh 2-7. An Ha map of the two regions constructed using the
Finkbeiner (2003) composite of the Southern Ha Sky Survey
(SHASSA; Gaustad et al. 2001), the Virginia Tech Spectral
Line Survey (VTSS; Dennison et al. 1999), and the Wiscon-
sin Ho Mapper (WHAM; Haffner et al. 2003) is shown in
Figure 3. We use the Ha intensity in these pulsars’ direc-
tions to place constraints on the emission measures (EMs),
which we combine with scattering measures (SMs) and DMs
to constrain the internal properties of the HII regions.

An ionized cloudlet model (Cordes et al. 1991; Taylor &
Cordes 1993; Cordes & Lazio 2002) is used to relate these
measures for individual HII regions. Cloudlets have a vol-
ume filling factor f, internal density fluctuations with vari-
ance €2 = {((6n.)?)/n.2, and cloud-to-cloud variations de-
scribed by ¢ = (n.2)/(n.)?. Here n. is the local, volume-
averaged mean density. The EM and DM are related by

C(1+€?)
7L

where L is the depth of the region. The SM and DM are
related by

EM = DM?, (8)

SM = (CS“L“F“> DM?

Fe
~ (1.84 x 10*6)L "~ DM?

kpc

©))

where the second line is for F, in units of pc~2/3, L in kpc,
and the other quantities in standard units. The fluctuation pa-
rameter is related to the outer scale g by F. = (e?/ flg/ 3,
and the constant Csy = 1/3(27)'/3 for a Kolmogorov spec-
trum. Equivalently,

Ly,cSM
F, ~ (5.45 x 10°) x —2—— 10
(.15 10°) e LS (10
for SM and DM in their usual units of kpc m—2%/3 and pc

em™3, L in kpc, and F,, in pc—2/3.

The EMs of the HII regions are inferred from Ho inten-
sity (J11) by assuming a gas temperature 7' and accounting
for the dust extinction along the LoS,

EM = 2.75 x T2 Iyy.e” (11)

where T, = T/ 10* K, the optical depth is 7 = 2.44FEp_vy
(e.g., Harvey-Smith et al. 2011), and we assume the dust lies
in front of the HII region. The color excess Ep_y is taken
from the Schlafly & Finkbeiner (2011) Galactic dust extinc-
tion map.

To estimate the SMs of the HII regions we assume the
scattering is described by a thin screen for the HII region
combined with the scattering contribution predicted by the
PPK model, which we denote as SM_py for reasons dis-
cussed below. The total SM is the sum of the SM of the HII
region and the SM from the model. For a thin screen, the
total SM is

d S S
SM:SMT,DM—s—/ ds( =) (1-2)C2, (12)

where C2 = SMyr16(s— D) (e.g., Cordes & Lazio 2002).
Using the model-predicted SM based on the pulsar’s distance
D, the total SM becomes

SM = SM,_pu(Dy)
+ SMurt1(Duri/D7)(1 — Duni/Dz).  (13)

The SM of the HII region is then

SM — SM._pwi(Dy)
(Dun/Dx)(1 — Dunr/Dy)

The total SM is estimated from measurements of pulse
broadening time 74 and scintillation bandwidth Av,, and we
denote this empirically estimated SM as SM,; (e.g., Cordes
& Lazio 2002):

SMur =

(14)

74 = (1.10 ms) D, SM,%/5, =22/ (15)

Avg = (168 Hz)SM, ~5/5,22/5 1, (16)

The model-predicted SM;_py is estimated using the empir-
ically measured distribution of pulse broadening times and
DMs (the 74-DM distribution). The most recent characteri-
zation of this distribution (Cordes et al. 2016) is

74 = (2.98 x 1077 ms) x DM
x (14 (3.55 x 1075 x DM*1))  (17)

with 0155, = 0.76 (see also Krishnakumar et al. 2015). The
T74-DM distribution is evaluated at the PPK model’s predic-
tion of the pulsar DMs to yield a prediction of 74 that is con-
verted into SM, _py using Eq. 15.

5.1. The HII Region Sh 2-27

The HII region Sh 2-27 is energized by the O-star (
Oph at a distance of 1123 pc (van Leeuwen 2007). PSRs
J1623—0908 and J1643—1224 are in the directions (5.30°,
27.18°) and (5.67°, 21.22°), respectively, and are seen
through this region. Since the Finkbeiner Ho map gives
the total Ha intensity on the sky, to obtain the Ha inten-
sity of the HII region we subtract a mean background in-
tensity found by averaging the intensities of pixels directly
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Figure 3. Ha intensity in Rayleighs (log scale) of the HII regions in front of J1614-2230, J1623-0908, and J1643-1224 from Finkbeiner’s
composite of the SHASSA, VTSS, and WHAM surveys (Finkbeiner 2003). Two regions of the map are identified in the Sharpless catalog, Sh
2-27, which was originally estimated to have an angular diameter of 8 degrees, and 2-7, which was estimated to have a diameter of 4 degrees

(Sharpless 1959).

around the HII region. This background subtraction yields
an Ha intensity of 67.9 + 4.9 Rayleighs for J1623—0908
and 69.5 £+ 4.6 R for J1643—1224, with quoted errors from
the associated intensity error map. The color excess for
J1623—-1908 is Ep_y = 0.272+£0.009 and for J1643—1224
itis Ep_y = 0.377 & 0.022 (Schlafly & Finkbeiner 2011).
Assuming a gas temperature of 7000 K and correcting for
extinction yields two values of the EM from the HII re-
gion: 263 £ 25 pc cm~ in the direction of J1623—0908 and
348 + 44 pc cm~6 in the direction of J1643—1224. Using
EM we estimate the mean electron density inside the HII re-
gion, assuming the cloudlets are homogeneously distributed
and the region is as wide as it is deep:

EM 1/2
qrra

T, HII =~ [C(l +e2

where f is the filling factor and L is the depth of the region.
For given EM and L the maximum possible density is for
(=1+€=1,

max) _ (EM\ 7
ni,HH) ~ (f_L> . (19)
Harvey-Smith et al. (2011) measure the diameter of Sh 2-27

(max) _

to be L = 34 pc and assume f = 0.1, which yields n, ;' =
8.8+1.3 cm™? in the direction of J1623—0908 and ngn;fﬁ) =
10.1 £ 1.1 cm™3 in the direction of J1643—1224. Taking
DMun = fnennlL then gives an estimated DM enhance-
ment for J1623—0908 of 29.9 & 4.3 pc cm ™3 and 34.4 + 4.5

pc cm ™3 for J1643—1224, assuming ¢ = (1 + €2) = 1. The
density and DM can be significantly smaller for other values
of ( and e.

However, the DM excesses implied by the PPK model
are much higher: 48.6 + 1.5 pc cm~2 for J1623—0908 and
56.2 4 0.4 pc cm~3 for J1643—1224. If all of the excess DM
is from the HII region, then either the filling factor, the tem-
perature, and/or the depth of the region must be larger than
Harvey-Smith et al. (2011) assume. Assuming that the excess
DM is from the HII region, combining EM and DM using
Eq. 11 for both J1623—0908 and J1643—1224 yield the same
result assuming L = 34 pc: f/¢(1+€2) = 0.2740.02. This
estimate does not account for any error in L. Harvey-Smith
etal. (2011) estimate L by carefully mapping the boundary of
the region in Hev and assuming the HII region is a sphere, but
they do not provide the uncertainty in this estimate. There-
fore the error quoted on f/¢(1 + €?) should only be taken as
arough estimate.

There is disagreement between timing parallaxes mea-
sured for J1643—1224; Desvignes et al. (2016) measure
1.17 £ 0.26 mas, Reardon et al. (2016) measure 1.27 4+ 0.19
mas, and Verbiest et al. (2009) measure 2.2 + 0.4 mas. We
use the latter due to the more conservative treatment of tim-
ing red noise, but using the other values of parallax would
modestly change the DM excess from the model to 51-52 pc
cm ™3, making f/¢(1 + €%) ~ 0.22 — 0.23. An interferomet-
ric parallax for this pulsar, unaffected by red timing noise,
will be forthcoming from the next release of PSR7 (Deller
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et al. 2019, and personal communication), and may alter our
estimate of the DM contribution of Sh 2-27.

We estimate the SM of Sh 2-27 using the scintillation
bandwidth for J1643—1224, Ay, = 0.022 MHz at 1.5 GHz
(Keith et al. 2013), which gives SM, = 0.15 kpc m—20/3
from Eq. 16. The PPK model predicts a DM of 6.3 + 0.5
pc cm ™3 for this pulsar’s distance and latitude. Evaluating
the empirical 74-DM distribution (c.f. Eq. 17) at this DM
and converting to SM; _py using Eq. 15 yields SM,_py =
(5.7 £3.9) x 10~° kpc m~2%/3, For Sh 2-27 we thus find
SMurr = 0.8 kpc m=2%/3, The fluctuation parameter is
F. = 4.6 pc~2/3. These values should be taken as rough
estimates since the errors depend in part on the uncertainty
of Avy and L, both of which are unstated by their respective
sources. Nonetheless, F}. is much larger than expected far
above the Galactic plane, and is similar to values estimated
for regions of high stellar activity in the spiral arms (Cordes
et al. 1991; Cordes & Lazio 2002).

5.2. The HII Region Sh 2-7

The HII region Sh 2-7 lies within a diffuse nebula at a
distance of 0.17 kpc (Sivan 1974; Baart et al. 1980). Based on
its angular size and distance, Sh 2-7 is estimated to be 21 by
12 parsecs face-on (Baart et al. 1980). PSR J1614—2230 is in
the direction (352.64°,20.19°) at a distance of 0.77100% kpc
(Guillemot et al. 2016) and is seen through this region. The
background-subtracted He intensity in the pulsar’s direction
is Tyo = 15.5 & 2.1 R, and the color excess is Fg_y =
0.21340.003. Assuming a gas temperature of 7000 K yields
an EM of 52.0 & 7.5 pc cm—®. Approximating the shape of
the region to be L ~ /21 x 12 = 16 pc, and f = 0.1 yields
{5 = 5.7+ 0.4 cm™?, and DMy & fre il = 9.1 £
0.6 pc cm—3. The DM excess predicted by the PPK model
is 24.4 + 0.7 pc cm™3, indicating again that f, L, and/or T’
are higher in this region. Assuming this excess is due to the
HII region, Eq. 11 implies that f/¢(1 + €2) = 0.71 & 0.09,
assuming L = 16 pc.

We estimate the SM of Sh 2-7 using the scintillation
bandwidth of J1614—2230, which is Ayy; = 4.9 +£ 0.5
MHz at a reference frequency of 1.5 GHz (Shapiro-Albert
et al. 2020), implying SM, = (1.04 4+ 0.14) x 1073 kpc
m~20/3_ Performing the same analysis as for Sh 2-27 yields
SMprr = 0.0058 kpe m—29/3 and F, = 0.08 pc~2/3. These
values should again be taken as estimates since the uncer-
tainty in the distance and size of the HII region is unknown.
The estimated value of F. is much closer to the expected val-
ues for low density regions in the local ISM (Cordes & Lazio
2002), which may be related to the lower intensity, more dif-
fuse Ha emission seen in this region.

5.3. The Superbubble GSH 238+00+09

PSR J1024—0719 is in the direction (251.702°,40.515°)
at a distance of 1.12 kpc (Guillemot et al. 2016), and exhibits

a DM deficit from the PPK model of 6.12 + 0.86 pc cm~3.
Toscano et al. (1999) use the Schlovskii effect to infer an up-
per limit distance to J1024—0719 of 226 pc, resulting in a
lower limit to the mean electron density along this LoS of
ne > 0.029 cm™3. They interpret this mean density as an
excess resulting from an interaction between the Local Hot
Bubble and the superbubble GSH 238+00+09, discovered by
Heiles (1998). The more recent distance derived from paral-
lax is more than four times larger than the value quoted by
(Toscano et al. 1999), and combined with DM = 6.477 pc
cm~? implies a mean electron density n, ~ 0.006 cm™3,
much lower than the density predicted by the PPK model.
Furthermore, the revised distance places J1024—0719 not at
the edge of the superbubble, but well within it or even beyond
it.

This superbubble was first identified by Heiles (1998) in
HI, IR, 1/s2-keV X-ray, and radio observations as an approx-
imately 0.5 kpc long cavity centered on a longitude of 238°
at a central distance of about 0.8 kpc, with an angular radius
in the Galactic plane of about 16° ~ 224 pc. The super-
bubble has since been observed in differential color excess
maps derived from stellar extinction (Puspitarini et al. 2014;
Lallement et al. 2015). Puspitarini et al. (2014) combine a
3D dust map with soft X-ray data to find that the superbub-
ble is likely filled with hot (~ 10° K) gas, although Call
absorption observed through the cavity suggests that it may
be partially filled with warm ionized gas with a filling factor
less than 1. This more recent dust extinction map suggests
that the superbubble may be larger than Heiles (1998) origi-
nally inferred, extending from about 0.2 kpc to 1.2 kpc away
from the Sun, and as wide as about 300 pc. This revised size
suggests that J1024-0719 lies well within the cavity or be-
yond it, depending on how the shape of the cavity changes at
higher latitudes.

We estimate the mean electron density inside the bubble
assuming the medium extending to the superbubble is still
consistent with the PPK model. The PPK model predicts that
up to the edge of the superbubble at D = 0.2 kpc and a
latitude of 40.5°, the DM will be 2.940.5 pc cm—2. If the rest
of the pulsar’s DM is contributed by electrons in the bubble,
then the bubble contributes a DM of 3.6 4= 0.5 pc cm 3 over
a distance of 0.92 kpc. This gives a lower limit on the mean
electron density in the bubble of n, > 0.004 £ 0.001 cm™3,
assuming the filling factor f < 1, and that the cavity is as
long at b = 40.5° as it is in the Galactic plane. Such a low
density is consistent with the cavity being filled by hot gas
(T ~ 10° K).

Assuming the superbubble is in pressure equilibrium with
the warm ionized medium (WIM) surrounding it, the elec-
tron number density inside the bubble is roughly 1, Lubble =
Ne,wiM (Te win/Te bubble). Adopting typical values of 10
K for the WIM and 10° K for the hot, X-ray emitting gas,
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Ne,bubble Should be about two orders of magnitude smaller
than n. wiv. The PPK model implies WIM electron densi-
ties ~ 1072 cm ™2 and a mean density in the bubble > 0.004
cm ™3, slightly larger than the density implied by pressure
equilibrium. This estimate is overly simplistic, since Heiles
(1998) finds evidence of expansion from the velocity of LSR
inferred from HI observations. Moreover, Puspitarini et al.
(2014) find evidence for some warm ionized gas within the
superbubble, in addition to the hot gas responsible for the ob-
served soft X-ray emission. Heiles (1998) uses 1/2 keV and
3/2 keV ROSAT X-ray observations to infer T¢ bubble ~ 1-2
x10% K, and converting to EM estimates the mean electron
density to be 1 bubble ~ 0.007 cm~3, which is consistent
with our result.

The other pulsars JO751+1807, J0922+0638 (B0919+06),
and J0826+2637 (B0823+26) have anomalously high DMs
that might also be related to this superbubble. Chatterjee
et al. (2001) use interstellar scintillometry of B0919+06 and
B0823+26 to infer the presence of a turbulent interface re-
gion between the Local Bubble and GSH 238+00+09, which
is consistent with previous predictions of clumps of dense,
ionized material left between the two structures during their
formation. Indeed, Puspitarini et al. (2014) find a dense cloud
implied by excess dust opacity immediately between the Lo-
cal Bubble and the superbubble, which attenuates some of
the X-ray emission in that direction. As Toscano et al.
(1999) suggest, the excess electron density observed towards
B0919+06 and B0823+26 could indicate a large density gra-
dient near the edge of the superbubble. JO751+1807 is much
farther than these pulsars (1.5 kpc), but some of its excess
DM could be contributed by the turbulent, dense interface.
If this is the case, then the superbubble (and even the Local
Bubble) extend to large Galactic latitudes (as Chatterjee et al.
(2001) note).

5.4. Optically Invisible Clumps

Nine of the pulsars in our sample have DMs in excess
of the PPK model prediction, but do not show enough Ha
emission to indicate visibly dense HII regions along the LoS.
Nonetheless, we use the Ho intensity at these locations on the
sky and excess DM implied by the PPK model to place con-
straints on the ionized clumps of gas causing this excess DM.
The EMs and excess DMs for these pulsars are listed in Ta-
ble 3. Assuming a fraction g of the EM and all of the excess
DM arise from a single clump of ionized gas along the LoS,
the characteristic size of this clump, weighted by the filling
factor, cloud-to-cloud variance, and internal density fluctua-
tions, is given by DM2/EM = L, [gf/¢(1 + €2)] (c.f. Eq. 8).
The maximum depth of the clump L,, = Ly, ax corresponds
tog=f=C=1ande =0if Ly[gf/C(1+¢€%)] > 1. If
Lilgf/¢(1+€%)] < 1,then Ly, = Lyyin, the minimum depth
of the clump. The constraints on the characteristic depth

Li[gf/¢(1+ €%)] based on Ha intensity and excess DM for
each LoS are shown in Table 3. In this section, we summa-
rize the implications for three of these pulsars, J0751+1807,
B0919+06, and B0823+26, given the proximity of their LoS
to the superbubble GSH 238+00+09. The rest of the pulsars
shown in Table 3 are discussed in Appendix B.

J0751+1807 has an excess DM of 11.3+1.3 pc cm~2 and
clump parameter Loy [gf/C(1 + €2)] = 17 4 4 pc. Since
JO751+1807 has a longitude of | = 202.73° and distance
D = 1.5 kpc, it is possible that some or all of this excess DM
is the result of viewing the pulsar through a dense, turbulent
interface at the edge of the superbubble GSH 238+00+09,
similar to B0823+26 and B0919+06.

J0826+2637 (B0823+26) has a DM excess equal to
12.7 + 0.4 pc cm™3 and clump parameter Ly,ax[gf/¢(1 +
€%)] = 36 + 7 pc. The pulsar’s location and DM excess are
also consistent with a dense region near the edge of the su-
perbubble, as was first noted by Toscano et al. (1999).

J0922+0638 (B0919+06) has a DM excess of 13 £ 1 pc
cm~3. From the excess DM and Ha emission we estimate
Linax[9f/C(1 4+ €%)] = 30 £ 6 pc, similar to B0823+26.
The pulsar’s longitude [ = 225.42° and distance D = 1.2
kpc suggest that it is also viewed through a dense region
near the edge of the superbubble, similar to JO751+1807 and
B0823+26. Using scintillometry, Chatterjee et al. (2001) es-
timate a scattering screen < 300 pc away, but our limit on
Limax[9f/¢(1 + €2)] implies L is on the order of 10s of par-
secs, larger than most screen sizes inferred from scintillation.

The values of the composite parameter for B0823+26 and
B0919+06 are strikingly similar, despite their large contrast
in distance. However, the interplay between the five param-
eters g, f, L, (, and ¢ mean that the clumps causing excess
DM in these pulsars could take on a variety of forms. The
factors g and € have a range of possible values from 0 to 1
and ¢ > 1, while f is likely between 0.1 and 0.4 (for HII
gas). Accordingly, the clumps could be compact in size and
could contribute most of the Ha emission observed, taking
up ~ 10 parsecs but with high filling factors f and high
values of g. Conversely, they could be very diffuse, with
large depths L and low f. More stringent constraints on
the clumps’ properties require complementary observations,
such as scintillation arcs, which can constrain L (e.g., Hill
et al. 2005; Brisken et al. 2010).

6. EXTRAPOLATION TO LOWER GALACTIC
LATITUDES

The electron density model described in this paper only
applies to the thick disk of the Galaxy. Models of the entire
Galaxy include both thin and thick disk components, with the
thin disk consisting of a smaller scale height and larger elec-
tron density extending just a few degrees in latitude above
the Galactic plane (e.g., Cordes & Lazio 2002; Yao et al.
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Table 3. Constraints on Clump Properties

Pulsar l b DM D DM — DMppk Tta EM Lm[gf/¢(1 + €2)]
(Degrees) (pccm™?) (kpc) (pc cm™?) (R) (pc cm™©) (pe)
J0437-4715T  253.39 —41.96 265  0.156700°1  0.4240.13 <17 <35 > 0.05
J0751+1807T  202.73  21.09  30.25 1517955 11.3+13  33+06 73413 1744
B0823+26T  196.96  31.74 1948 049770052 127404 20405 45+10 36+7
B0919+06T 22542  36.39  27.30 1.2079-22 13+£1 24+05 55+1.2 30+ 6
11614-2230"  352.64  20.19  34.92 0771005 244+£07  155+£21 52.0%7.1 1+1
11623-0908" 530  27.18  68.18 1697031 48615  67.9+49 26319 9.0£0.1
J643—12241 567  21.22 6241 0457009 56.2+£04  69.5+£4.6 348+ 23 9.1+0.6
BI839+56  86.08  23.82  26.77 1.5270-92 84+1.3 23+05 52+1.1 1444
B2003—08 3410 -20.30  32.39 2.3510 71 5.3+2.1 2.8+05 7.3+13 442
J2129-5721  338.01 —43.56  31.85 2.3610 52 1042 <22 < 4.8 > 22
321443933 2.79  —49.47 3.35 0.1670-02 1.0£0.1 <14 <29 >0.3
B2303+30  97.72 —26.66  49.58 4.48105% 1244 23+05 54+1.1 29 413

0.58

NOTE—Pulsars that have complementary information about their LoS are indicated with a . JO751+1807, B0823+26, and B0919+06 are
discussed in Section 5.4; J1614—2230, J1623—0908, and J1643—1224 are discussed in Sections 5.1 and 5.2; and J0437—4715 is discussed
in Appendix B. The remaining pulsars do not have additional information about their LoS; brief discussion of these pulsars is in Appendix B.
DM — DMppx refers to the observed DM minus the DM predicted by the PPK model, which we interpet as the clump DM. The errors quoted
on EM (and subsequently Lm[gf/¢(1 + €2)]) are based on the Finkbeiner (2003) Iy, error map, but these errors should be interpreted
as estimates since they are based on a composite of the errors in the WHAM, SHASSA, and VTSS maps and do not account for all of
the covariances. For J0437—4715, J2129—5721, and J2144—3933, Ig, is an upper limit. Lm[gf/¢(1 + €2)] denotes the characteristic
size of the clump weighted by the fraction g of EM that the clump contributes, the filling factor f, the cloud-to-cloud variations ¢, and
internal density fluctuation variance 2. If Ly, lgf/¢c(1+ 52)] > 1, then the maximum clump size possible, Ly, = Lmax, corresponds to
g=f=C=1lande =0.1f Ly[gf/C(1 +€2)] < 1,then Lyy = Lyyjinforg=f =¢ =1ande = 0.

2017). To avoid the large number of supernova remnants,
HII regions, and other complex features close to the Galac-
tic plane, we limited our pulsar sample to those above |20|°
Galactic latitude, but the thick disk likely extends down to
lower latitudes. The distribution of all Galactic pulsar DMs
and latitudes listed in the Australia Telescope National Fa-
cility (ATNF) Pulsar Catalogue (Manchester et al. 2005)3 is
shown in Figure 4. The PPK model estimate of the maximum
Galactic DM contribution for a given latitude, ngzgcsc(|bl),
is largely consistent with the observed DM vs. b distribu-
tion down to |b| ~ 5°, with a few exceptions: A number of
pulsars have DMs larger than ngzgcsc(|b]), which likely are
due to additional clumps along the LoS (e.g., J1643—1224
lies behind an HII region and has a DM > ngzocsc(|b])).
Many pulsars with DMs < ngzgcsc(|b|) have supernova rem-
nant associations or HII regions along their LoS (e.g., see
J1614—2230 in Figure 4), also indicating departures from a
plane-parallel medium.

Due to the unrealistic behavior of the plane-parallel
model near b = 0°, more realistic Galactic models like
NE2001 adopt a thick disk that rolls off with Galactocen-
tric radius. Below latitudes of |b| ~ 5°, the plane-parallel
medium predicts a maximum Galactic DM contribution con-

3 http://www.atnf.csiro.au/research/pulsar/psrcat

sistently larger than pulsar DMs in that latitude range, sug-
gesting the thin disk dominates LoS near the Galactic plane.
Assuming the thick disk has a radius of about 15 kpc and a
constant mid-plane density ng ~ 0.015 cm—23, a distant ob-
ject on the opposite side of the Galactic center would have
a DM ~ 350 pc cm~? (ignoring any radial dependence or
clumps and voids). Not only is this DM much smaller than
DMs observed near b = 0°, but the highest DMs observed
are from pulsars near the Galactic Center, not near the oppo-
site edge of the disk. At these low latitudes (|b| < 5°), an
additional thin disk component that rolls off with a shallower
scale height and higher mid-plane density is needed. Inclu-
sion of the thick disk model described here in full Galactic
electron density models will therefore require careful con-
sideration of the appropriate latitude ranges in which the
thin and thick disk components dominate the electron den-
sity contribution to DM. While the thick disk model is likely
applicable down to latitudes of about £5°, the number of
clumps and voids in the local ISM increases greatly at these
lower latitudes and will also require consideration.

7. SUMMARY AND CONCLUSIONS

We construct a model for the electron density of the
thick disk of the Galaxy that adds density fluctuations fol-
lowing a Kolmogorov wavenumber spectrum to the plane-
parallel medium. Using the most updated sample of publicly
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Figure 4. DM vs. Galactic latitude for all Galactic pulsars in the ATNF Pulsar Catalogue (Manchester et al. 2005). Pulsars associated with
supernova remnants are highlighted in blue and pulsars associated with globular clusters in purple. The three pulsars in our sample located
behind HII regions, J1643—1224, J1623—0908, and J1614—2230, are also noted. The maximum Galactic DM contribution (nozocsc(|b]))
given by the plane-parallel component of the electron density model is shown in black, along with the corresponding +10 error. The model
was fit using the latitude cutoff shown, |b| > 20°. An inset shows pulsar DMs for latitudes —5° < b < 5°.

available pulsar distance measurements at Galactic latitudes
greater than 20°, obtained both from parallaxes and globular
cluster associations, we find a scale height zp = 1.577015
kpc and a mid-plane density ng = 0.015 +0.001 cm~3. The
scatter in the observed distribution of DM | (2) is consistent
with turbulent density fluctuations following a wavenum-
ber spectrum. Nonetheless, there are several pulsars at
these high latitudes that show significant departures from the
model, suggesting the presence of discrete inhomogeneities
(clumps and voids). Two of these pulsars, J1623—0908 and
J1643—1224, lie behind the HII region Sh 2-27, and the pul-
sar J1614—2230 lies behind a diffuse nebula containing Sh
2-7. We estimate the internal density and filling factor of
these HII regions by combining the measured Ha intensity
of these regions with the pulsars’ model-predicted DMs. For
both regions we find that the filling factors are likely > 0.1.
Four other pulsars, J1024—0719, J0751+1807, B0919+06,
and B0823+26, have DM departures that may be attributed to
the superbubble GSH 238+0+09 in the third Galactic quad-
rant. J1024—0719 lies at a distance and longitude consis-
tent with it inhabiting the superbubble, and it exhibits a DM
deficit from the model that is consistent with the bubble full
of hot ionized gas, as suggested by observed X-ray emis-
sion (Puspitarini et al. 2014). JO751+1807, B0919+06, and
B0823+26 exhibit significant excess DM from the model,
and lie at distances and longitudes that suggest they are seen

through a dense interface at the edge of the superbubble, as
was originally suggested by Toscano et al. (1999) and Chat-
terjee et al. (2001).

These findings paint a picture of the ISM in the Galactic
disk that significantly complicates previous assumptions of a
plane-parallel medium. In addition to turbulent density fluc-
tuations, there are discrete clumps and voids ranging widely
in size and internal density. Accurate predictions of pulsar
and FRB distances based on DM and electron density mod-
els must account for these complexities, which will likely
grow in number as more pulsar distance measurements are
obtained at high latitudes. Pulsar surveys will dramatically
increase the number of known pulsars to ~ 10% in the com-
ing decade or two, which will allow us to both more accu-
rately map known HII regions and voids and better constrain
structures causing the enhanced DMs of pulsars farthest from
the Galactic plane, including those located in globular clus-
ters. Updating constraints on the Galactic disk contribution
to FRB DMs will likewise improve our understanding of the
DM contributions of the Galactic halo, intergalactic medium,
and FRB host galaxies. The revised electron density scale
height and mid-plane density reported here for the thick disk,
along with the discrete inhomogeneities described, should be
incorporated into the next generation of full Galactic electron
density models.
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APPENDIX

A. DERIVATION OF THE LIKELIHOOD FUNCTION

The model for n.(x), the electron density along a LoS x(s), consists of a local mean density 7. 0(z) that exponentially
depends on height above the Galactic plane plus variations from a turbulent medium following a Kolmogorov spectrum n (x):

Ne(X) = Te,0(2) + ni(x), (A1)

where 71, o(2) = nge~?1/#0. The dispersion measure N, is given by

D
Ne(ﬁ,D):/O ne(x(s))ds (A2)

and b
(Ne(n, D)y = / Te,0(2)ds, (A3)
0

since (ny(x)) = 0. Here 7 is the unit vector pointing along the LoS, and s is the integration variable along the LoS. Computing
the variance of N, requires the second moment:

D
(N, D)) = [ [ asas tnex(s) e (x(5))
D
= [ asas (ieaz) + ) eal) + () (a9

= v D+ [ " dsds (mi(mi (o))

The variance of NV, is then

D
0% (. D) = (N?) — (N,)? = / / dsds’ (n ()i (). (AS)
0
The Kolmogorov contribution to the variance is
D D
/ dsds’(ng(x)ng(x")) = // dsds’/dng,L(q). (A6)
0 0

Performing the standard change of variables 5 = (s + s')/2 and s = s — ¢’ transforms the double integral fOD fOD dsds’ to

f?D dds L?J)gsl/z ds (e.g., Cordes & Rickett 1998). We write q = q, + q_ , and the integral becomes

D D e’
[ dsastmuomix)) = [ asci) [ daar™”
0 0 q0

= SM / dgq;*? (A7)
q0
3 —5/3
= gSMqo / y

D | 9/ . . .
where SM = fo dsC?2(5) is the scattering measure. We have assumed that the inner scale of the wavenumber spectrum is much
smaller than the outer scale, and that the spectral coefficient C'2 varies slowly over the path length to the pulsar. The variance is
simply

3.
o, (. D) = ZSMg, 53, (A8)

SM is usually reported in units of kpc m—29/3

DM?, as expected.

, and wavenumber ¢ in units of m~!. The variance 012\,5 (72, D) has dimensions of
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The model for n,(x) has only two free parameters: © = (ng, z9)”. We calculate SM by assuming C2 = C,, ge~2#I/20, with
Chp.o = 10735 kpc m—20/3, With the variance we can construct the likelihood function £ for © given observations of DM and
distance (parallax) for a sample of pulsars. It is

cep)=1] {[27“712\1@ (2, D)) /e IPMi=(Ne(a DT 2%, (ﬁj’Dj)}a (A9)
j

where DM; is the observed DM of the jth pulsar in the sample. If we assume that the parallax error follows a Gaussian PDF
fx(7), then fp(D) = (1/D?)f-(1/D) and the parallax PDF for the jth pulsar will be

1 (72 /202
f’”j(ﬁj) = 72 ( )/ i (A10)
The resulting distance PDF will be
1 — — N .)\2 0_2
fp,(Dj) = ————e¢ ((1/D)=(1/D;))? /207, AL

Djz, /2702, 7
J

where 7; is the measured parallax of the jth pulsar (in arcseconds) and Jj is the measured distance (in parsecs). While the

parallax PDF is Gaussian, the distance PDF is not. The full likelihood function is

L(©) = H/ij (Dj)d(Dj){[me\,e (ﬁijj)}m@[DMj<N€(ﬁj’Dj)>]2/20?ve(ﬁj’Dj)}' (A12)
i

B. PULSAR OUTLIERS AND OTHER NOTABLE LINES OF SIGHT

Several pulsars in our sample have scattering structures intervening their lines of sight but have DMs consistent with the PPK
model, implying that these scattering structures have minimal impact on the integrated column density. Two pulsars in the sample
have small DM departures from the model that could be caused by discrete structures or turbulent density fluctuations. Six pulsars
in the sample have significant DM excess from the model but do not have complementary information about their lines of sight.
All of these cases are summarized below.

J0437—4715 has a small DM excess of 0.42 + 0.13 pc cm~3. Bhat et al. (2016) observe scintillation arcs in the secondary
spectrum of J0437—4715 at 192 MHz and 732 MHz, and estimate the scattering screen’s location to be at 115 pc, consistent with
the edge of the Local Bubble. This pulsar also has one of the first bow shocks detected in Ha (Bell et al. 1995) and has also been
seen in far ultraviolet (Rangelov et al. 2016). The transverse velocity of the pulsar is v; = 104.71 £ 0.95 km/s (Deller et al.
2008), and the standoff angular scale is about 9.3” (Brownsberger & Romani 2014), which implies a standoff radius of about
0.007 pc (=~ 1400 AU) if the bow shock is seen face-on. The bow shock’s upstream neutral hydrogen column density is ~ 0.2
cm~3 (Brownsberger & Romani 2014). For this pulsar, we find a lower limit on the clump parameter Ly, [gf/C(1+€2)] > 0.05
pc. Since g, f, and € are < 1 and ¢ > 1, the minimum clump size is too large for the bow shock and/or other plasma screens
responsible for the scintillation arcs to dominate the excess DM. The DM variance due to turbulent density fluctuations is orJZ\,e =
(0.95 pc cm™3)? for this LoS, so the DM excess for this pulsar could be the result of turbulence.

J0814+7429 (B0809+74) does not exhibit significant departure in DM from the PPK model. Rickett et al. (2000) demonstrate
that weak interstellar scintillation detected from this pulsar is consistent with both an extended scattering medium along the LoS
or a localized compact structure, but the former is favored due to the weak scattering observed, along with the high relative
velocity that would be required for a compact scattering region.

J0953+0755 (B0950+08) has a small DM deficit from the PPK model of DM—DMppk = —0.66 £ 0.21 pc cm ™3, indicating
a void along the LoS. Its distance of 262 pc and latitude of 43.7° mean that a significant portion of its LoS traverses the Local
Bubble (LB), which is estimated to have a mean electron density of ~ 0.005 cm~3, about an order of magnitude smaller than
the WIM (e.g., Bhat et al. 1998). Assuming the LB is about 200 pc long and the total DM is a combination of the LB medium
and the PPK medium, then the LB should contribute about 2 pc cm™ to the pulsar’s DM. Scintillation observations show that
log(C?) ~ —4.5, an order of magnitude smaller than for other nearby pulsars (Phillips & Clegg 1992; Bhat et al. 1998). The
cloudlet model relates SM to DM (c.f. Eq. 9). The value of C? implies SM ~ 8.2 x 10~¢ kpc m~2°/3, which combined with DM
gives F, ~ 0.1 for the whole LoS. Breaking SM and DM into separate components for the WIM and LB also yields F, ~ 0.1
in both components, which is higher than the value used for the LB in NE2001, . = 0.01. It is somewhat surprising that the



DM deficit from the PPK model along this LoS is so small, not only because of the small SM but also because scatter-broadening
of giant pulses from B0950+08 are consistent with a power spectral index o = 0.4, a significant deviation from a Kolmogorov
spectrum (Tsai et al. 2015).

J1136+1551 (B1133+16) has a DM consistent with the PPK model. Scintillation from this pulsar has been extensively
observed and is broadly consistent with a scattering screen at the edge of the Local Bubble (Stinebring et al. 2019).

J1543-0620 (B1540—06) exhibits a DM deficit from the PPK model DM—DMppg = —8.4 4+ 2.6 pc cm~2. No discrete
structures were found along this LoS in catalogs of Ha, molecular line, or radio surveys.

J1840+5640 (B1839+56) has a DM excess from the PPK model DM—DMppk = 8.4+ 1.3 pc cm 3. Evidence for scattering
along this LoS has not been found. No discrete structures were found along this LoS in catalogs of Ha, molecular line, or radio
surveys. The measured If1,, for this LoS gives a characteristic clump size Lyax[gf/C(1 + €2)] = 14 4 4 pc.

J2006—-0807 (B2003—08) has a DM excess DM—DMppx = 5.3 £ 2.1 pc cm—3. The Ho intensity for this LoS gives a
characteristic clump size Lyayx[gf/¢(1+ €2)] = 4 £2 pc. Evidence for scattering along this LoS has not been found. No discrete
structures were found along this LoS in catalogs of Ha, molecular line, or radio surveys.

J2124—3358 also has a DM consistent with the PPK model. This pulsar has a bow shock detected in both Ha (Gaensler et al.
2002) and far ultraviolet (Rangelov et al. 2017), and is traveling through a medium with mean density n, ~ 0.8-1.3 cm~ and a
density gradient of up to 10 cm~3 over less than 0.02 pc (Gaensler et al. 2002).

J2129-5721 has a DM excess from the PPK model DM—DMppxk = 1042 pc cm—2. Evidence for scattering along this LoS
has not been found. No discrete structures were found along this LoS in catalogs of Ha, molecular line, or radio surveys. The
upper limit on Hao intensity for this LoS gives a characteristic clump size Lax[gf/C(1 + €2)] > 22 pc.

J2144-3933 has a DM excess from the PPK model DM—DMppx = 1.0 + 0.1 pc cm~3. Evidence for scattering along this
LoS has not been found. No discrete structures were found along this LoS in catalogs of Ha, molecular line, or radio surveys.
The upper limit on If1,, for this LoS yields a characteristic clump size Lyin[gf/¢(1 + €2)] > 0.3 pe.

J2305+3100 (B2303+30) has a DM excess DM—DMppk = 12 £ 4 pc cm~3. The measured Ho intensity for this LoS gives
characteristic clump size Lyax[gf/C(1 + €)] = 29 & 13 pc. Evidence for scattering along this LoS has not been found. No
discrete structures were found along this LoS in catalogs of Ho, molecular line, or radio surveys.
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