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Abstract

We present a comparison of the presence and properties of dust in two distinct phases of the Milky Way’s
interstellar medium: the warm neutral medium (WNM) and the warm ionized medium (WIM). Using distant
pulsars at high Galactic latitudes and vertical distance (|b| > 40°, D sin|b| > 2 kpc) as probes, we measure their
dispersion measures and the neutral hydrogen component of the warm neutral medium (WNMy ) using H I column
density. Together with dust intensity along these same sightlines, we separate the respective dust contributions of
each ISM phase in order to determine whether the ionized component contributes to the dust signal. We measure
the temperature (7), spectral index (), and dust opacity (7/Ny) in both phases We find T (WNMy ) = 20 K,
B(WNMg ) = 1.5 £ 0.4, and 7353/Ng (WNMp ) =(1.0£0.1) x 10~ 26 cm?. Assuming that the temperature and
spectral index are the same in both the WNMy ; and WIM, and given our simple model that widely separated lines
of sight can be fit together, we find evidence that there is a dust signal associated with the ionized gas and

7353/ Ny (WIM) =

(0.3 £ 0.3) x 1072, which is about 3 times smaller than T353/Nyg (WNMp ). We are 80%

confident that 7353/Ny (WIM) is at least 2 times smaller than 7353/Ny (WNMy o).
Unified Astronomy Thesaurus concepts: Gas-to-dust ratio (638); Intercloud medium (803)

1. Introduction

Dust plays an important role in the interstellar medium
(ISM): it is a powerful catalyst for astrochemistry, it is the
dominant source of opacity at optical wavelengths, and it
couples neutral gas to magnetic fields (Draine 2011; Saintonge
& Catinella 2022; McClure-Griffiths et al. 2023). However, the
detailed life cycle of dust grains in the ISM is not yet
understood, nor do we fully know how the properties of dust
vary across different phases of the ISM. In this paper, we
consider the properties of dust in two pervasive phases of the
Galactic ISM: the warm ionized medium (WIM) and the
neutral hydrogen component of the warm neutral medium
(WNM 1)

This warm ionized medium (WIM) consists of warm
(600010, 000 K), low-density (1, =0.03-0.08 cm ), highly
ionized (with fractional ionization of hydrogen, xg > 0.7;
Reynolds et al. 1998) gas with an average volume filling
fraction of f~ 0.2-0.4 within a 2-3 kpc thick layer around the

 We add the subscript H I here to remind the reader where we are specifically

referring to the neutral atomic hydrogen component of the WNM, as opposed
to the total WNM that may also include molecular hydrogen. Elsewhere in the
text, we do not include the subscript when discussing the generalized WNM
phase.

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 4.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.

Galactic midplane (Haffner et al. 2009). At the midplane,
however, the filling fraction is f; < 0.1, implying that the WIM
is a much less significant part of the ISM at the midplane, but at
intermediate vertical heights, it becomes a dominant phase. The
WIM has a vertical exponential scale height of 1.5-1.8 kpc
(Gaensler et al. 2008; Ocker et al. 2020). The other ISM phase
that makes a significant contribution to most sightlines is the
WNM, a neutral analog (xg=0.1) of the WIM, with both
phases having similar temperatures and densities. Howk et al.
(2003) show that the WIM and the WNM are spatially and
kinematically correlated. There are very few regions in the sky
where one might find only the WNM or only the WIM.
However, the FWHM thickness of the neutral HI layer is only
~230pc (Ferriere 2001), much less than the vertical scale
height of the WIM.

The presence of dust throughout the WNM has long been
established (e.g., Boulanger et al. 1996). The dust opacity
relates the total gas column density, Ny, to the total dust
optical depth, 7, along any sightline. Planck Collaboration XI
et al. (2014) compared thermal dust and HI emission over the
entire sky and found an opacity 73s53/Ny~ 6.3 x 1072’ cm® for
the range 1.2 X 10%° < Nu1<25x 10%° cm 2, where T3s3 1S the
optical depth of dust at 353 GHz and Ny is the column
density of HI. Planck Collaboration Int. XVII et al. (2014) used
the dust-HT correlation to measure the properties of dust in the
diffuse interstellar medium. They found 7353/Ny = (7.1 £ 0.6) X
1077 cmz, the spectral index, 5= 1.53 4+ 0.03, and temperature,
T=199+10K
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Considerably less is known about dust in the WIM. Initial
studies only obtained upper limits on the dust contribution of the
WIM (Boulanger & Perault 1988; Boulanger et al. 1996; Arendt
et al. 1998). The first clear detection of dust in the WIM was by
Lagache et al. (1999, 2000). Lagache et al. (1999) identified excess
far-infrared dust emission seen by COBE that was uncorrelated
with HI, which they associated with the WIM. Lagache et al.
(2000) jointly correlated the spatial distribution of dust with that of
HT (which they associated with the WNM and we designate as
WNMy ) and Ha (associated with the WIM) at high Galactic
latitudes, and found that both the WNMy ; and WIM contribute to
the COBE dust signal. Lagache et al. (2000) used a 1* modified
Planck curve to model dust emission associated with both HT and
H* gas. For HI gas, they found a dust temperature of 17.2 K and a
WNMy opacity 7/Ngp=8.3 x 10726()\/250,um)*2cm2. 10 For
H™ gas, Lagache et al. (2000) inferred a dust temperature in the
range 16-18 K; assuming that HT gas has the same dust
temperature as H' gas, they derived a WIM opacity of
7/Ny+ = 1.1 x 1072(\/250pm)~%2 cm?, implying that the
dust abundance in the WIM is comparable to that in the
WNM. They assumed that both dust components contain the
same type of dust, i.e., their spectral energy distributions (SED)
have the same shapes.

Howk et al. (2003, 2006) and Howk & Consiglio (2012)
analyzed UV spectra of bright stars in the globular clusters M3
and M5, to carefully decompose the gas phase contributions of
the WNM, WIM, and also the hot ionized medium (HIM)
toward these sightlines. Howk et al. (2003) found evidence for
the presence of dust in both the WIM and WNM phases of the
ISM, suggesting “similar dust destruction and formation
histories.” Howk et al. (2006) and Howk & Consiglio (2012)
focused on the difference between warm and hot phases. In
these analyses, they found that the warm phase contains ~80%
of the total ionized gas column, and the hot phase <20%.

There is also qualitative evidence for the presence of dust in
the WIM. In a multiwavelength study of the Eridanus
Superbubble, Heiles et al. (1999) found evidence that all the
phases of the interstellar medium, including the WIM and
WNM, coexist in close proximity. Jeli¢ et al. (2018) found an
alignment between several different tracers of the interstellar
medium, including neutral hydrogen, synchrotron emission,
and emission from polarized dust, which is also evidence of the
coexistence of ionized and neutral media.

In this paper, we aim to use the latest HI surveys and accurate
electron column densities from pulsar dispersion measures (DMs)
to decompose sightlines into the WNMy | and the WIM. Then,
using the intensities from thermal dust emission to those same
sightlines from Planck at 353, 545, and 857 GHz, as well as
3000 GHz (100 pm) data from Improved Reprocessing of the
Infrared Astronomical Satellite (IRIS), we determine dust
parameters associated with the two ISM phases. The goal is to
determine whether dust is pervasive in the WIM, and then to
investigate whether and in what ways the WIM-correlated dust
parameters differ from the WNMy |-correlated dust.

In order to make this work possible, we must assume that the
dust emission per H atom is the same across the sky at each
frequency. This simplification is required to perform the analysis,
but it ignores observational evidence for variations of the dust
emission per H atom over the sky (e.g., Planck Collaboration Int.

10 Here, we include the subscript HI in 7/Ny 5, because that is the notation
used by Lagache et al. (2000). They use this notation to distinguish the opacity
for neutral and H" components.
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XVII et al. 2014). Variations in dust temperature and dust-to-gas
ratio can both contribute, as well as variations in the proportion of
cold neutral and warm neutral gas (Clark et al. 2019). The analysis
does not require that the total amount of dust along each line of
sight be consistent (i.e., the emission need not be proportional to
distance).

We provide details of the data products in Section 2. Our
analysis method is presented in Section 3, and a discussion and
our conclusions are presented in Sections 4 and 5, respectively.

2. Data
2.1. Dispersion Measures

For this analysis, we use radio pulsar DMs to sample the
entire electron column density of the WIM in the foreground to
each pulsar. The DM of a pulsar is defined as

DM — j;D no(s) ds, (1)

where D is the distance to the pulsar and n.(s) is the free
electron density along the line element ds. The DM is thus
simply a measure of the free electron column density along a
sightline up to the pulsar.

For the DMs to correspond to the total free electron column
density of the Milky Way along these sightlines, we must select
pulsars that sit outside most of the WIM. Because the vertical
scale height of the WIM is <2 kpc (Gaensler et al. 2008; Ocker
et al. 2020), high-latitude pulsars that lie above this scale height
should satisfy this requirement. Therefore, we restrict our data
to high-latitude sightlines (|| >40°) toward pulsars with
vertical distances D sin|b| > 2 kpc. The cutoff of |b| >40° is
selected to match that of Gaensler et al. (2008), and this value
was chosen to avoid local features. We are thus required to look
for pulsars with reliable distance estimates or at least reliable
lower bounds for distances.

Parallax measurements, either through interferometric mea-
surements or through pulsar timing, are the most reliable
distance measurements for radio pulsars. Using the pulsar
catalog of Manchester et al. (2005),"" there are seven pulsars
that fit our criteria: PSRs B0148-06, B0149-16, B1254-10,
B1541+09, J2248-0101, and J2346-0609. Their properties are
summarized in Table 1.

Radio pulsars in globular clusters also have reliable distance
estimates, because the distances to the globular clusters are
known. An online compilation by Paulo Freire lists 283 pulsars
in 38 globular clusters.'® Pulsar dispersion measures within
globular clusters show small levels of variation due to the
ionized gas within the globular clusters (Freire et al. 2001) and
due to small angular fluctuations between nearby sightlines
from the Galactic DM (Ransom 2007). Because this variation is
very small, we consider every globular cluster as a single
datum and adopt the mean and the standard deviation of the
pulsar DMs within a globular cluster as the representative value
and uncertainty of the DM, respectively, for that globular
cluster. Distances to globular clusters are taken from
Baumgardt & Vasiliev (2021). From these sources, we find
that seven globular clusters containing pulsars fit our criteria:
47 Tuc, M3, M5, M13, M30, M53, and NGC 362.

1 http: / /www.atnf.csiro.au /research /pulsar/psrcat/, version 1.70.

12 https: //www3.mpifr-bonn.mpg.de /staff /pfreire /GCpsr.html, version dated
2023 April 14.
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Table 1
Gas and Dust Properties along Selected Sightlines
Object (°) b(®) Distance D sin(|b]) Npsr DM Nu1 Lss Isys Lzsy Looo Refs.
(kpc) (kpc) (pc cm™) (10*° cm™2) Mly st Mly s Mly st Mly s
PSR B1541+09 17.81 +45.78 5.910¢ 42+04 1 34.9758 £+ 0.0016 2.99 0.238 £ 0.007 0.719 £ 0.010 1.756 £ 0.014 2.060 £ 0.012 1,2
PSR J2248-0101 69.26 —50.62 3.9+¢ 3.0%44 1 29.05 +0.03 5.69 0.420 + 0.006 1.352 £ 0.010 3.644 £ 0.015 4.204 +0.016 3,4
PSR J2346-0609 83.80 —64.01 3.670% 33703 1 22.504 +0.019 2.60 0.207 + 0.006 0.626 + 0.009 1.413 £ 0.015 1.365 £ 0.016 3,4
PSR B0148-06 160.37 —65.00 4.6133 42132 1 25.66 £+ 0.03 2.12 0.183 £ 0.007 0.530 £ 0.011 1.146 £ 0.016 1.281 £ 0.019 3,4
PSR B0149-16 179.31 —72.46 2348 22443 1 11.92577 £ 0.00004 1.22 0.176 £ 0.006 0.498 £+ 0.010 1.045 £ 0.015 0.876 + 0.017 3,5
PSR B1254-10 305.21 +52.40 714132 565504 1 29.634 £ 0.009 3.78 0.296 + 0.007 0.920 + 0.011 2.380 + 0.020 3.069 + 0.022 3,4
PSR J2129-5721 338.01 —43.57 3.6139 25433 1 31.8480 + 0.0004 3.37 0.246 £ 0.005 0.788 £ 0.009 1.948 £+ 0.018 2.044 £ 0.011 6,7
GC:M5 3.86 +46.80 7.5+£0.1 5.45 4+ 0.04 7 29.46 £+ 0.28 3.12 0.245 £ 0.007 0.749 + 0.009 1.826 + 0.012 2.058 £0.013 8,9
GC:M30 27.18 —46.84 85+0.1 6.17 £ 0.07 2 25.064 £ 0.001 3.35 0.248 £ 0.006 0.779 £ 0.009 1.930 +£ 0.016 2.347 £ 0.016 8, 10
GC:M3 4222 +78.71 10.2+ 0.1 9.98 +0.08 6 26.42 + 0.15 1.04 0.169 + 0.006 0.474 £+ 0.009 0.988 + 0.014 0.644 £ 0.016 8,9
GC:M13 59.01 +40.91 74+0.1 4.86 +0.05 6 30.23 +£0.41 1.31 0.181 £ 0.006 0.530 + 0.010 1.157 £ 0.015 0.840 £ 0.012 8, 11
GC:NGC 362 301.53 —46.25 8.8+0.1 6.38 £ 0.07 6 24.92 +0.43 242 0.222 + 0.003 0.666 + 0.005 1.523 £+ 0.007 1.586 + 0.008 8,12
GC:47 Tuc 305.90 —44.89 4.52+0.03 3.19 £0.02 29 24.42 +0.16 2.80 0.235 £ 0.003 0.700 £ 0.006 1.656 £ 0.009 1.483 £+ 0.008 8, 13
GC:M53 332.96 +79.76 18.5+0.2 182+0.2 5 25.31 4+ 0.95 1.51 0.187 £ 0.006 0.533 £ 0.009 1.140 £ 0.014 0.987 + 0.017 8,9

Notes. The top half of the table lists radio pulsars with parallaxes, while the bottom half lists globular clusters containing radio pulsars. In both cases, we require |b| > 40° and D sin(|b|) > 2 kpc for a sightline to be
included in this sample. This table lists the selected sightlines where there are high-latitude pulsars that sit outside most of the WIM. The “GC:” prefix indicates that the object is a globular cluster containing one or more
pulsars. The fractional error of all H I column densities is taken to be 3%. The 9th through 12th columns list the intensity of dust emission at 353, 545, 857, and 3000 GHz, respectively. The position of PSR J2248-0101
falls in the 2% of the sky not observed by IRAS, and thus the 100 ym flux for this pulsar is from the Diffuse Infrared Background Experiment (DIRBE; 30’ resolution).

References. (1) Verbiest et al. 2012; (2) Bilous et al. 2016; (3) Deller et al. 2019; (4) Hobbs et al. 2004; (5) Stovall et al. 2015; (6) Reardon et al. 2021; (7) Spiewak et al. 2022; (8) Baumgardt & Vasiliev 2021; (9) Pan
et al. 2021 and references therein; (10) Balakrishnan et al. 2023 and references therein; (11) Wang et al. 2020 and references therein; (12) Stappers & Kramer 2016, with pulsar detections reported at http: / /trapum.org/
discoveries/; (13) Ridolfi et al. 2021 and references therein.
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In total, 14 sightlines or data points were found to match our
criteria. The rest of the paper will only deal with these
sightlines and data associated with them. Data relevant to these
selected sightlines have been tabulated in Table 1.

2.2. HI Column Densities

The HTI column density is defined as
Nuv= [ () ds. @

where ny(s) is the atomic hydrogen density along the line
element ds. For high latitudes and restricted to low- and
intermediate-velocity H I components, we expect our measured
H T column densities to represent the Galactic H I, because any
extragalactic or HVC contribution has been excluded.

For the selected sightlines, we use the HI4PI all-sky database
of Galactic H1 (HI4PI Collaboration et al. 2016), which is a
composite of the GASS III survey (McClure-Griffiths et al.
2009; Kalberla et al. 2010; Kalberla & Haud 2015) and the
EBHIS survey (Winkel et al. 2016). We use HI column
densities integrated for a local standard of rest (LSR) velocity
range of |v|<75kms '. We ignore high-velocity clouds
(HVC) in our HI column densities, because dust emission is
expected to be weak in HVCs. In practice, the only selected
sightline that has high-velocity HI contributions is the 47 Tuc
sightline, which is close to the Small Magellanic Cloud (SMC).
In this case, ignoring HVCs simply had the effect of ignoring
the SMC, which is ideal because we are concerned with
Galactic HI. For all other sightlines, there are no significant
high-velocity components to the overall HI profile. The
extracted column densities are listed in Table 1. The relative
error of these column densities is taken to be 3%.

2.3. Dust Emission Intensity

The Planck mission has produced extremely detailed all-sky
maps for dust emission. We use the generalized needlet internal
linear combination (GNILC) dust emission maps described by
Planck Collaboration Int. XLVIII et al. (2016) at 353, 545, and
857 GHz. These are the result of a modified blackbody fit to a
filtered version of the Planck maps. They have been processed
to reduce the cosmic infrared background (CIB) contamination,
and a zero-point correction has been applied. Additionally, we
use a fourth 3000 GHz (100 pm) dust emission map created
from a combination of the IRIS map from Miville-Deschénes &
Lagache (2005) and the map from Schlegel et al. (1998). As a
whole, we have all-sky dust emission maps for four different
frequencies, making it possible to measure a four-point SED of
dust for any sightline.

All the maps are on a HEALPlx grid (Gorski et al. 2005)
with Ngge = 2048 (1/72 plxel_ ). The resolution of the GNILC
map is variable on the sky, but it is the same at each
wavelength for a given position on the sky. The highest
resolution is FWHM = 5’. For our analysis, we use the
intensity of the HEALPix pixel in which the pulsar coordinate
falls. We do not interpolate more finely between neighbors, as
the pixel size is much smaller than the beam for all positions.
The resulting intensities, ,, for each sightline are given in
Table 1.

13 http:/ /healpix.sourceforge.net
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For the total uncertainty, 6I,, on these measurements, also
given in Table 1, we consider several error terms that we
combine in quadrature as

611/ = [(~’5(:alibrationUCMB)2 + (5CIBA0'CIBA)2 + (gnoiseo—noise)2]1/2~

Here, ccaibraionCcMmp represents the uncertainty on the CMB
removal. This term is proportional to the local value of the
CMB fluctuations (ocpp) times the calibration uncertainty
(Ecatibration) @s a function of frequency. The term, ecigadcipa, 1S
the fraction of the CIB anisotropies left after the GNILC
processing, and €pise0noise 1S the noise that remains after the
GNILC filtering.

From Miville-Deschénes & Lagache (2005) and Planck
Collaboration VII et al. (2016), we estimate Ecuipration aS
0.0078, 0.061, 0.064, and 0.136 at 353, 545, 857, and
3000 GHz respectively. Using the method of Chiang & Ménard
(2019), we estimate €,,0ise = €caa = 0.2 at all frequencies.

Despite the consideration of these multiple error terms, we
expect spatial variation across the sky to dominate the
uncertainty in our fits. The 14 lines of sight that we use vary
widely in position across the sky, and by combining these into
a single fit, we assume that we can fit an average value across
the sky, which likely has a large intrinsic uncertainty. To
account for this spatial variation, we use bootstrapping to select
different combinations of the lines of sight. This is discussed
further in Section 3.2 when we describe the fitting.

3. Analysis
3.1. Separating the WNMy ; from the WIM

For each of our 14 selected sightlines, i, Ny1; provides a
measure of the neutral atomic hydrogen gas column along that
sightline, and the DM; provides a measure of ionized gas
column along that sightline. Because the WNMy and the
WIM can both be seen as mixtures of neutral and ionized gas
with different ionization fractions, a given measurement of
these ionization fractions should allow us to determine how
much WNMy ; and WIM there is along each sightline.

We use the following set of equations:

DM, = VMt N WNMar |\ WIM WM WIM .y WM
Nui = (1 — XKNM“I)NXV,,NM“‘ + (= g MONEM,

3)

WNMy; and WIM are the fractional ionizations of

hydrogen in the WNMHI and the WIM, respectively, XI‘_VIEIM

the fractional ionization of singly-ionized helium in the WIM,
r = Ny./Nyu = 0.1 represents the relative abundance of helium,
and Ny WNM”‘ and N}V&IM are the hydrogen gas column densities
of the WNMHl and the WIM, respectively. If the fractional
ionizations are known or assumed, this set of equations can be
easily solved for Ny V1 and NI_\IV, for each sightline. Helium
in the WNMy | is 1gn0red because it is expected that, in the
WNMy |, helium should be mostly neutral and will not be a

significant contributor to DM.
From Reynolds et al. (1998), Madsen et al. (2006), and
Jenkins (2013), we obtain reasonable estimates for these

where
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fractional ionizations:

M= 0.0-0.1

™M =0.9-1.0
M = (0.3-0.6) x xi ™. 4)
As a first estimate, we assume
g M= 0.0
w™M=10
X = 0.5 x ™, )
which means Equation (3) reduces to
DM; = 1.05 Ny'™
Ny = N;}‘,’,NM“I. (6)
We also fit the case where
AWM= 01
g =0.9
X =05 x xy™, ©)

which gives
DM; = 0.IN ™1 + 0.95 Ny
Ny = 09Ny ™™ar 4+ 0.1 Ny™. ®)

We do not include a contribution from H,, because Planck
Collaboration XXIV et al. (2011) showed this to be small
(consistent with zero within the uncertainties) for
Nut < 4 x 10%° cm™2. Only one of the pulsars in Table 1 has
Nyp >4 X 10 cm 2, and even for this point, Planck
Collaboration XXIV et al. (2011) show that the contribution
from H, is expected to be <20% + 15%. We are explicitly
using the HI column density to quantify the WNMy
component. This ignores a possible contribution from the cold
neutral medium (CNM).

3.2. Plane Fitting

Although the Planck intensities are corrected for the zero-
point level, the corrections are uncertain. In addition, given that
we only have four frequencies, we cannot separate the dust
SED for the HI and WIM for each line of sight. To solve this,
we instead fit all the pulsars together. For each frequency, v,
and each sightline, i, we have

L) = e,(v) x N+ 6, () x NY™M + e (), (9)

which is the same as or similar to the forms used in Planck
Collaboration XXIV et al. (2011) and Lagache et al. (2000).
With our data for the values of DM; and Ny 1; for each of our
14 sightlines (i.e., values of i) in our sample, we can solve for
the values of N}\{/,-IM and NIY,NM“‘ as discussed in Section 3.1.
Then we can fit a 2D plane, solving for the parameters €,(»/) and
ep(v), and €.(v).

The parameters €,(v) and ¢,(v) represent the spectra of the
dust (per H atom) in each phase.

The parameter €.() is a constant that represents the zero-
level offset. If the zero-level correction was well determined,

West et al.

the parameter €.(v) should not be required, and thus we expect
that values for €.(v) should be <0, or at least very small.
However, the accuracy of this correction is uncertain, and thus
we choose to fit this parameter. We also attempt to fit €,(v) and
e(v) without €.(v), but the resulting fitted values are
unphysical, leading us to conclude that the inclusion of e.(v)
is necessary. We discuss this further in Section 4.

In order to assess the reasonableness of this approach, we
independently check whether the measurements of HI and DM
have a correlation with the dust intensity. We use the linregress
function from the Python scipy stats package (Virtanen et al.
2020) to separately measure the Pearson correlation coefficient
of H1 with the dust intensity at each of the frequencies, as well
as the DM with the dust intensity. We find that the HI has a
correlation coefficient >0.96 at all frequencies. The correlation
with DM is weaker but still measurable, having values between
0.36 and 0.41.

We use the Python package emcee (Foreman-Mackey et al.
2013) to perform a Markov Chain Monte Carlo (MCMC) analysis
to find the best fit for €,(v), €,(v), and €(v). We show the resulting
posterior distributions for the 14 lines of sight in Figure 1. As
previously mentioned, the spatial variation on the sky is the
dominant source of uncertainty. We estimate the magnitude of this
systematic uncertainty by performing our fitting using boot-
strapping using 100 draws, each with a sample of 14 random
sightlines (with replacement). We find the mean and standard
deviation of the distribution. These are summarized in Table 2 for
the case where xl\_’[‘/NMHI = 0.0 and XXIM = 1.0, and Table 3 for

the case where XXNMHI = 0.1 and XXIM = 0.9. The former is
also plotted as a function of frequency in Figure 2.

3.3. Blackbody Fitting

Modeling thermal dust emission has been the subject of
many studies (Draine & Lee 1984; Draine & Li 2007;
Compiegne et al. 2011). In the far-infrared to millimeter
regime, thermal dust emission is dominated by larger dust
grains in thermal equilibrium with the local radiation field. In
the optically thin limit, the SED of a uniform population of dust
grains can be modeled as a blackbody, which has the following
expression:

B@)

, . [ v
I(v, i) = Tuo(l)Bu(T(l))(_) , (10

40

where
2hu3 1

B(T)=———+—. 11
( ) C2 ehz//kT —1 ( )

First, we fit the spectrum defined for the measured values for the
parameter €,(/) as described in the previous section, for the case
where XXNMHI = 0.0 and xglM = 1.0. Here, ¢,(v) represents the
spectral intensity of the WNMy; ; component of our total spectrum.
For our fitting, we apply bounds on these dust parameters of
273K <T<60 K, —05<3<4.5, and 0< 73s53/Ny <1 X
1072 c¢m? The fit converges, and we find the mean of
the posterior distributions to be T (WNMy,) = 2073 K,
B(WNMy ) = 1.5 £ 04, and 7353/Ng (WNMpp) = (1.0 £0.1) x
1072¢ cmz, as shown in Figures 2 and 3.

The parameter ¢,(v) represents the spectral intensity of the
WIM component of our total spectrum. The fitted values of
€,(v) are small, with large uncertainties, making this parameter
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Figure 1. Corner plots showing the posterior distribution results of the MCMC plane fitting of the €,(v), €,(v), and €.(v) parameters at 353 GHz (top left), 545 GHz
(top right), 857 GHz (bottom left), and 3000 GHz (bottom right) for the case where X]_V;' NMuT — 0.0 and XgIM = 1.0. These plots are the results of fitting the 14 lines of
sight together, where each line of sight is given equal weight. The values in Tables 2 and 3 are derived from a distribution of such fits performed using bootstrapping,
where in each bootstrap iteration the weights given to each line of sight are randomly varied.

consistent with zero at all frequencies. We are unable to fit
for the parameters as a function of v using the same bounds as
for parameter €,(v), because all points are consistent with zero
and the fit does not converge. To address this, we fit only for
T353/Nu (WIM)  using bounds —1 x 1072° cm? < 7353/Nyy <
1 x 1072 cm?, while fixing 7 (WIM) = T (WNMy,) and
8 (WIM) = 8 (WNMy ). We find 1355/Ng (WIM) = (0.3 +
0.3) x 1072° cm®. We show the MCMC posterior distribution
of 7353/Ny (WIM) in Figure 4. The fitted blackbody SED is
shown in Figure 2.

By comparing random draws from the posterior distributions
of the fits of 7353/Ny for the WNM and the WIM, we show
that, within this model framework, 73s53/Nyg (WNMy ) is at

least two times greater than 7353/Ny (WIM) 80% of the time.
There is a 21% probability that 7353/Ng (WIM) < 0.0.

We repeat this procedure for the case of XIYNMHI = 0.1 and

XgIM = 0.9 and find that the fits yield similar values that are

consistent within the uncertainties. All of these fitted values are
summarized in Table 4.

4. Discussion

The dust parameters for the WNMy; ; component are constrained
reasonably well, but with moderate uncertainties that reflect the
expected variation across the sky. The values of 7 and (3 agree with
those found by Planck Collaboration Int. XVII et al. (2014);
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Figure 2. Results of the MCMC blackbody fitting. Here, we fix T (WIM) =

Frequency (GHz)
T (WNMy) and 8 (WIM) = 3 (WNMy)), in order to fit for m353/Ng (WIM), and

XZIJNMH‘ = 0.0 and XXIM = 1.0. The lines show the mean of the posterior distribution, and the shaded regions show the 1o confidence regions.

Table 2 Table 3
Plane-fitting Results for x:lVNMHI = 0.0 and X‘I_’,"IM =10 Plane-fitting Results for XKNMH‘ = 0.1 and X&VIM =09

Frequency €(V) (V) e(v) Frequency €.(V) ex(V) e(v)
(GHz) A0 Mlyem®sr) (107 Mlyem®sr!)  (MIysr ) (GHz) A0 Mlyem®sr) 107 MIyem®sr') My st )
353 0.047 £ 0.008 0.02 £+ 0.03 0.09 £+ 0.03 353 0.044 + 0.007 0.02 +0.02 0.09 +0.03
545 0.17 +£ 0.02 0.05 £+ 0.10 02+0.1 545 0.16 + 0.02 0.06 + 0.09 02+0.1
857 0.52 + 0.08 02+04 02403 857 0.48 + 0.07 02403 0.1+03
3000 0.74 + 0.07 0.1 +0.5 -03+04 3000 0.69 £+ 0.08 02405 —-04+04

Notes. The ¢, and ¢, parameters correspond to the spectral intensity of dust in the
WNMy ; and WIM, respectively. Parameter €. has no physical meaning in the
context of the blackbody fitting, but represents the zero-level offset of each map.
The values in this table are the means and standard deviations derived from the
bootstrapping with 100 iterations. Thus, they will not exactly correspond to the
posterior distributions shown in Figure 1, which are the results of a single iteration.

however, the value of 7353/Ny is inconsistent within the

uncertainty for the case where x/""# = 0.0 and y}} ™ = L.0.

For the case where XWNMHI = 0.1and WIM = 0.9, the values are

very close to being in agreement. The d1screpancy may be due to
the fact that we fit both the WNMy ; and WIM components, but
Planck Collaboration Int. XVII et al. (2014) fit only for the
WNMy | using the dust-HT correlation.

The parameters for the WIM are less well determined. The
uncertainties in our plane fits are consistent with a null result,
but when we assume that the values of 7 and ( are consistent
between the two components, a fit is still possible and yields a
value of 73s53/Ny (WIM) that is about 1/3 the value for
7353/ N (WNMy p).

A particular challenge is determining the uncertainty in the
zero level and whether or not to include the parameter €.(v) in
our fitting. When we attempted to fit ¢,(v) and ¢,(v) without

Notes. The €, and ¢, parameters correspond to the spectral intensity of dust in the
WNMy ; and WIM, respectively. Parameter €. has no physical meaning in the
context of the blackbody fitting, but represents the zero-level offset of each map.

€.(v), we found unphysical values of ¢,(v). For example, the fit
then yields €,(3000) = (—0.29 4 0.22) x 10" **MJy cm?sr ',
which is significantly less than zero. Additionally, in this case,
€,(545) and €,(353) are both greater than ¢,(v), which is
unexpected. However, we also expect that values for e.(v)
should be <0, or at least very small. The fitted values at 545
and 857 GHz, shown in Tables 2 and 3, are unexpectedly (and
unrealistically) large. The difficulties we have with fitting (or
not fitting) this offset might at least in part be due to the small
dynamic range in the values of DM. This may be a result of the
relative low density and isotropy in the WIM of the Galactic
halo, but it nevertheless makes fitting challenging. Having
more data points may resolve this difficulty.

From this analysis, we can infer that either there is no dust
present, which would contradict previous results, or that
T353/Nu is measurably smaller in the WIM compared to the
WNMy 1. Our assumption that the WNMy ; and WIM have the
same T and ( implies that these components would have a
similar chemical composition, dust grain shape and size, and
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thermal properties. The significantly lower dust opacity in the
WIM compared to the WNMy; 1, suggests that there is less dust
in the WIM compared to the WNMy 1.

A helpful addition to the fitting algorithm could be adding
constraints of dust abundances from 3D dust reddening maps.
Currently, the map with the farthest distance resolution is Bayestar

Table 4
Means for the Fitting of Parameters 7, (3, and 7353/Ny for the WNMy | (€,(v))

XONMHL = 0.0, W™ = 1.0 ML= 0.1, ™ = 0.9

WNMp;  WIM () WNMy;  WIM (&)
(€.(v) (€.(v)
T (K) 2043 2043
8 15+04 15+04
T353/Ny 1.0+0.1 03403 09+0.1 04403
(x107%¢
sz)

Notes. Also given are the means for fitting 7353/ Ny for the WIM (¢, (v)). The fit

for 7353/Ny (WIM) assumes the same values of 7 and  as for the WNMy 1.

WIM

n = 1.0 and where

We show both cases where XKNMHI = 0.0 and Y,
xp MHL = 0.1 and xjy ™ = 0.9.

(Green et al. 2019). This was not used in this study, because out of
the 14 lines of sight we considered, 3 were in directions not
covered by the map, and 5 were beyond the reliable distance of
the dust map. In the future, as more data become available, this
additional information can be included in the algorithm.

5. Conclusion

Using pulsar dispersion measures, HI column densities,
and thermal dust emission data from the Planck mission, we
attempt a component separation on dust emission to characterize
dust in the WIM and the WNMy; From our fitting, we
find 7 (WNMy,) = 2093 K, 8 (WNMy) =15+04, and
T353/Neg (WNMy ) = (1.0 £ 0.1) x 1072 cm®. For the WIM, we
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find that 7353/Ng (WIM) = (0.3 £ 0.3) x 10725, which is about
three times smaller than 7353/Ng(WNMpp). We are 80%
confident that 7353/Ng (WIM) is at least two times smaller than
T353/ N (WNMy 1), but we emphasize that this result comes from
a simple model with an inherent assumption that we can compute
an average across the value of 7353/Ng using very widely
separated lines of sight. Using this model, we find that the WIM
has a dust opacity much less than that of the dust in the WNMy p,
implying that there is less dust in the WIM than in the WNMy ;.

The large uncertainty in this work results from this being a
difficult measurement that uses relatively few lines of sight and
assumes that an average fit across the whole sky is possible.
This issue may be resolved in the future with many more lines
of sight included in the fitting. These additional lines of sight
may come from newly discovered halo pulsars. More and better
pulsar distances should be released over time from VLBI
parallax measurements. It might be valuable to study the dust in
the WIM of the Large Magellanic Cloud, given the wealth of
pulsars discovered within it.

Fast radio bursts are also an exciting new probe of Galactic DM
(Cook et al. 2023). In the near future, all-sky DM maps, such as
the one presented by Hutschenreuter et al. (2023), may allow our
method to be used across the whole sky. Future studies should
also measure dust emission at frequencies between 1500 and
2500 GHz in order to better constrain the fitting.
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