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ABSTRACT

We present a 21-cm neutral hydrogen survey of the North Polar Spur (NPS)
supershell conducted with the 4.5-m Leuschner radio telescope, covering Galac-
tic longitudes ¢ = 210°-20° and latitudes b = 0°-90° across 1170 pointings col-
lected over two observing sessions. Frequency switching and cross calibration
against the Leiden-Argentine-Bonn (LAB) HI Survey yield a system tempera-
ture of Ty, = 43 £ 6 K. The calibrated brightness temperature map reveals a
prominent HI arc peaking at T, ~ 31.5 K near (¢,b) ~ (350°,30°), consistent
with the known NPS ridge. LSR velocity centroids across the survey span —45.3
to +61.0 km s~!, with a systematic redshift to blueshift gradient consistent with
an expanding shell geometry. Applying the Berkhuijsen et al. (1971) geometric
shell boundary with a 20 brightness threshold, we isolate 209 shell associated
pointings and derive a shell HI mass of Mg, = 9,124 £+ 2,741 M, at an as-
sumed distance of 140 pc, consistent with prior estimates when distance and
shell-definition differences are accounted for.
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1. Introduction

Interstellar space is permeated by dif-
fuse atomic hydrogen (HI), organized into

structures ranging from small self-gravitating

clouds to vast galactic-scale spiral arms.

The 21-cm hyperfine transition at 1420.4 MHz

serves as a primary tool for probing galac-
tic dynamics and star formation, as HI
is detectable essentially everywhere in the
Milky Way regardless of dust obscuration.
This survey focuses on the North Polar
Spur (NPS), an immense shell structure
driven by the collective stellar winds and
supernovae of the Sco/Oph stellar associa-
tion. The NPS is visible in both the 21-cm
line and synchrotron continuum emission,
reflecting its dual content of neutral hydro-
gen and relativistic electrons accelerated
by past shock fronts.

The primary objective is a grid survey
of the NPS covering Galactic longitudes
¢ = 210°-20° and latitudes b = 0°-90° us-
ing the 4.5-m Leuschner radio telescope.
From the resulting (¢,b,v) data cube we
derive the HI column density and bright-
ness temperature morphology of the shell,
characterize the line of sight expansion ve-
locity field, and estimate the total neutral
hydrogen mass of the shell-associated gas.

2. System Characteristics

2.1. System Hardware

Observations were conducted with the

4.5-m prime-focus parabolic dish at Leuschner

Observatory, tuned to the 1420.4 MHz
HI transition. The dual-polarization feed
horn delivers two linear polarizations,
which are averaged in post-processing to
improve SNR by /2, which is critical

for detecting NPS regions at T, ~ 1-
5 K. A Low-Noise Amplifier (LNA) im-
mediately after the feed suppresses down-
stream noise contributions following the
Friis formula, keeping 7., < 50 K. The
amplified signal is digitized by a Software-
Defined Radio (SDR) spectrometer cen-
tered at 1420.4 MHz with a 2.4 MHz band-
width across 1024 channels (Av ~ 585 Hz,
Av &~ 0.12 km s7'), more than sufficient
to resolve the NPS line profiles (~ 5-
30 km s~! wide). The beam FWHM at
1420 MHz is 6 ~ 4°, which set our 4° sky
sampling grid.

2.2. Software Control and Data Ac-
quisition

Telescope pointing and data acquisition
were managed via the ugradio Python li-
brary on a Raspberry Pi, with real time
Galactic to Alt/Az coordinate conversion
via ugradio.coord. The schedule priori-
tised pointings near max altitude to min-
imise atmospheric path length, with a me-
chanical settling delay enforced after each
slew. Each sky position was observed for
10 s per LO frequency-switch state (20 s to-
tal), with the two switch states stored inde-
pendently for each polarization in NumPy
.npz files. An onboard health monitor
flagged anomalously bright files for RFI
review, and a noise diode calibration se-
quence was acquired before each session.

3. Theory

3.1. 21-cm Hyperfine Transition

The 21-cm line originates from the mag-
netic dipole transition between the triplet
(F = 1) and singlet (F' = 0) hyper-
fine levels of the hydrogen 1s ground state



(AE ~5.87x 107% eV, vy = 1420.4 MHz).
Although the spontaneous emission rate is
negligible (Ajp ~ 2.85 x 1071 s71); colli-
sions in the ISM continuously re-populate
the excited state, maintaining widespread
emission throughout the Galaxy. The level
populations are characterized by the spin
temperature T via the Boltzmann relation
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with ¢1/g0 = 3. At radio frequencies
hv < kT, so the Rayleigh-Jeans approx-

imation holds and intensity maps directly
to brightness temperature T5,.

3.2. HI Column Density, Optical
Depth, and Mass Estimation

The observed brightness temperature
along a line of sight through an optically
thin (7, < 1) HI cloud is

T,(v)=T,(1—e ™)~ T,1,, (2)

valid for high-latitude structures like the
NPS where column densities are low. In-
tegrating over the line profile gives the HI
column density

N = 1.823x 10" / Ty(v)dv [cm™?,
(3)

where the prefactor incorporates the Fin-
stein A coefficient and appropriate unit
conversions (Wilson et al. 2013). The total
hydrogen mass is then

My = my Z Nuri - Qpeam D?, (4)

where my = 1.674 x 10727 kg, D is the
assumed distance, and the beam solid an-
gle for a Gaussian beam of FWHM 6 is

Qpeam = (7/41n2) 62 = 1.50 x 1072 sr for
0 = 4°. The mass scales as D? making
the assumed distance the dominant sys-
tematic uncertainty. To isolate shell as-
sociated emission from the diffuse all sky
HI foreground, we subtract a foreground
integrated brightness ([ T, dv)g, estimated
from high latitude off arc pointings, and
sum only the excess emission within the
geometric shell boundary (Berkhuijsen et
al. 1971).

3.3. Radiometer Equation
The per-channel thermal noise is

i7 (5)
Vv Av tint

giving AT.,s ~ 1.2 K for our system
(Tiys =~ 43 K, Av = 585 Hz, ti, = 20 s).

AT‘rms =

3.4. Kinematics of an Expanding
Shell

The observed LSR velocity at pointing
(¢,b) on a shell expanding at Vi, centered
at (fo, bo) is

vLsr(€,0) = Visrpg + Vexpcos,  (6)

where 6 is the angle between the line of
sight and the shell’s outward radial vec-
tor. Lines of sight through the shell center.
(0 = 0) yield spectra split into two compo-
nents separated by 2V, (front and back
walls); tangential lines of sight (6 = 90°)
yield emission near vrsg ~ Visrpg. At
our 4° beam the two components are unre-
solved; the intensity weighted centroid in-
stead traces the projected velocity field of
Equation 6.



4. Data Processing and Filtering

4.1. Spectral Combination and Base-
line Subtraction

For each pointing, the two polariza-
tion channels were averaged within each
frequency-switch state to maximize SNR:

SA = %(SA,p010+SA,poll)a SB - %(SB,p010+SB,poll)-

(7)
The instrumental bandpass shape was
removed by computing the frequency-
switched fractional signal

_ Sa—Sp
- SB ) (8)

which cancels frequency-dependent gain
variations in the LNA and signal chain,
leaving a spectrally flat baseline with the
HI line as a positive excess feature. RFI
cleaning was applied to the raw S, and Spg
spectra individually before the switch sub-
traction, with the science band | fiin, fmax]
excluded from auto-masking to prevent the
HI line itself from being flagged as an in-
terference spike.

fs

4.2. Absolute Temperature Cali-
bration

The dimensionless ratio f, was con-
verted to physical brightness temperature
via Ty, = Ty - fs. The system tempera-
ture was determined empirically by com-
paring baseline-subtracted f; ,eax values
at five high-latitude calibration pointings
(b = 84°-88°) against the correspond-
ing LAB Survey peak brightness tempera-

tures: 7
T b,LAB (9)

sys — .
fs,peak

Averaging across the five pointings yielded
Tsys = 43 £ 6 K, which was applied uni-

formly to all maps (see Section 5.1 for full
details).

4.3. Kinematic Conversion and Ve-
locity Windowing

The frequency axis was converted to
topocentric velocity via the non-relativistic
Doppler formula v = ¢(fy — f)/fo, then
corrected to the Local Standard of Rest
(LSR) using the astropy barycentric cor-
rection and the standard solar peculiar mo-
tion (U, V,W) = (11.1,12.24,7.25) km s~ .
Peak and centroid velocity estimates were
restricted to a search window of |vpgr| <
120 km s~ to exclude unrelated high veloc-
ity clouds and the frequency-switch echo
sidelobe, which appears at a large veloc-
ity offset of cAf/fo ~ 211 km s~ for our
1 MHz switch offset.

4.4. RFI Mitigation

A four stage filtering scheme was ap-
plied. Edge channels (12 per side) were
trimmed to remove filter roll off. Statis-
tical sigma-clipping flagged channels ex-
ceeding the local running median baseline
by 5.50. Known persistent interference
bands were hard-masked manually. Fi-
nally, flagged channels were patched by lin-
ear interpolation from adjacent clean chan-
nels to maintain a continuous profile for in-
tegration. All sigma clipping operated on
the raw S4/Sp spectra with the HI science
band protected, ensuring real astronomical
signal was not removed.

4.5. Spatial Grid and Interpolation

Calibrated pointings were projected
onto a 1° x 1° Galactic coordinate grid
using a Gaussian Radial Basis Function



(RBF) interpolator. The smoothing pa-
rameter € = 0.8° was tuned to match the
telescope beam, reconstructing broad shell
features without artificial fragmentation.
A nearest-neighbour footprint mask with
radius 6° was applied after interpolation to
prevent the RBF from extrapolating into
unobserved sky regions.

5. Results

5.1. System Temperature Calibra-
tion

To convert our raw fractional signals
into physical Brightness Temperatures
(Ty), we performed an absolute calibration
against the Leiden-Argentine-Bonn (LAB)
HI Survey. A high-Galactic-latitude refer-
ence pointing was selected at coordinates
(I = [210°,324.6°,353.4°,210°,248.3°],b =
[88°,88°,86°,84°,84°]) to minimize struc-
tural complexity and line broadening. Fig-
ure 1 demonstrates this cross-correlation.
The uncalibrated, baseline-subtracted frac-
tional signal (f;) from the SDR is plot-
ted alongside the LAB survey bright-
ness temperature profile for the same line
of sight. By aligning the peak inten-
sities—where the LAB survey reports a
peak Ty, of approximately 1.25 — 2.3 K and
our observed fractional signal peaked at
fs = 0.03417 — 0.04465 we derived a sys-
tem temperature of Ty,s = 43 + 6 K. This
scaling factor was subsequently applied to
the entire dataset, ensuring our 7, maps
represent absolute physical units.

5.2. Morphology and Kinematic Struc-

ture of the North Polar Spur

With the data calibrated and RFI-
masked, the spatial distribution of the
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Fig. 1.— This cross corelation calibra-
tion method provided a Tj,, = 43 £ 6 K.
Note we only used 5 pointing values from
the LAB and our own survey, so the er-
ror is high at 6 K. Additionally, there was
one outlier on each data set not within 1o
of the derived Ty,s. However, the points
selected for cross correlation spanned the
observational window, which was deemed
to be best rather than selecting points
that agreed with previously determined
Ty, calculations.

North Polar Spur (NPS) was mapped using
the peak brightness temperature method.
The discrete pointings were interpolated
onto a continuous grid using a Radial Basis
Function (RBF) with a smoothing param-
eter of e = 0.8°, matching the telescope’s
native resolution. As seen in Figure 3,
the NPS emerges as a prominent, contin-
uous arc of neutral hydrogen. The struc-
ture originates near the Galactic plane at
[ ~ 320 — 20° and sweeps upward, extend-
ing to latitudes as high as b ~ 10 — 45°.
The peak brightness temperatures within
the main ridge of the spur reach up to
T, =~ 31.5 K, contrasting sharply with the
lower-density ambient interstellar medium
(T, < 5 K) in the upper-left quadrant of
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NPS Supershell — LSR Doppler Velocity Map (N = 1170 pointings, 2 nights combined)
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Fig. 2.— LSR Doppler velocity centroid map. Display range clipped to the 95th percentile
(£34.5 km s71); full range is —45.3 to +61.0 km s .

NPS Supershell — Peak HI Brightness Temperature (¢ = 0.8°)
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Fig. 3.— Peak HI brightness temperature map of the NPS survey region, displayed to the
98th percentile (T, = 22 K) to reveal diffuse structure; individual pointings reach T, ~
31.5 K.



the map. Note that for color mapping,
the 98th percentile was chosen for contrast

purposes, so the graph demonstrates only
up to 22 K.

To investigate the dynamics of the NPS,
an intensity weighted velocity centroid
map was generated, capturing the bulk
line-of-sight motion of the hydrogen gas.
The frequency axis was converted to a ve-
locity frame centered on the Local Stan-
dard of Rest (LSR).Figure 2 reveals a dis-
tinct kinematic gradient across the sur-
veyed region, with LSR velocities spanning
—45.3 to +61.0 km s~!. A systematic red-
shift of +10 to +35 km s~ dominates the
main NPS arc near ¢ = 310°-20°, consis-
tent with the receding far wall of the shell,
while modest blueshifts at ¢ ~ 210°-230°
trace the approaching near wall. The 95th-
percentile display range of £34.5 km s!
is adopted to enhance contrast across the
full gradient; quantitative interpretation is
deferred to Section 6.

5.3. Mass Estimation and Shell Iso-
lation

The total HI mass within the sur-
vey footprint was computed by integrat-
ing calibrated line profiles over |upsr| <
120 km s~! using a 101-channel running
median baseline to remove residual band-
pass structure. The median integrated
brightness across all 1170 pointings is
([ Tydv) = 10.0 K km s™!, correspond-
ing to a median column density of Ny =
1.82 x 10 ecm™2 via Equation 3. Sum-
ming over all pointings at an adopted dis-
tance of D = 140 pc (see Section ?77?) with
beam solid angle Qpeam = 1.50 x 1072 sr
yields a total survey footprint mass of
My = 306,736 £+ 98,204 M. This to-

tal is dominated by diffuse foreground HI
unrelated to the NPS that fills every line
of sight within the survey boundary.

Table 1: HI mass estimates for the NPS
survey region. Shell isolation uses the
Berkhuijsen et al. (1971) geometric NPS
boundary combined with a 20 brightness
threshold. All values at adopted distance
D = 140 pc unless stated.

Quantity Value Unit
Survey parameters

Total pointings 1170 —
Tyys 42+ 7 K
Beam FWHM 4.0£0.5 deg
Adopted distance D 140 pc
Column density

Median [ T}, dv 10.0 K km s™!
Median Ny 1.82 x 10 cm 2
NPS shell isolation

NPS geometric footprint 665 pointings
Foreground (T3) 5.80 + 3.53 K
Shell threshold (20) 12.86 K
Shell pointings 209 —
Shell HI mass

Mshell (D = 100 pC) 4,655 M@
Mawen (D = 140 pe) 9,124 £2,741 M,
Mghen (D = 200 pc) 18,620 Mg
Literature comparison

Heiles (1998) ~1,500 Mg

To isolate the NPS shell contribu-
tion, we applied the geometric bound-
ary of Berkhuijsen et al. (1971), defining
the shell annulus as all pointings within
30° < 6 < 58° of the Loop I center at
(0o, by) = (329°,17.5°), enclosing 665 of
our 1170 pointings. A foreground level
was estimated from 346 off-arc pointings
outside this annulus with b > 20°, giving
(Ty)ge = 5.80 £ 3.53 K and ([ T, dv)gy =
9.0 K km s™'. A 20 brightness threshold



of T, > 12.86 K was applied within the
geometric boundary, identifying 209 shell-
associated pointings concentrated near
(¢,b) ~ (355°,60°) and (280°,35°), con-
sistent with the known bright ridges of
the NPS arc. After subtracting the fore-
ground integrated brightness from each
shell pointing and summing, the shell iso-
lated HI mass is Mgpen = 9,124 42,741 M,
at D = 140 pc. Full results including the
distance bracketing and error budget are
given in Table 1.

6. Analysis

6.1. Shell HI Mass and Error Bud-
get

The shell mass of Mg = 9,124 +
2,741 My at D = 140 pc carries four in-
dependent uncertainty contributions. Sta-
tistical radiometer noise, propagated as
Ostat = ATS /Ng [0v], contributes less
than 1% and is sub-dominant. The Ty
uncertainty of +6 K (£14% fractional)
propagates linearly, contributing +20% to
Mgen. The beam FWHM uncertainty of
+0.5° contributes £25% since Q o 6%2. We
note that there is an established literature
putting the Leuschner T;,, = 50 K, how-
ever an 8 K change could be due to the
ambient temperature during the observ-
ing nights hence the calibration (McCauley
et al. (2026)). These combine in quadra-
ture to +30% (£2,741 Mg). The dis-
tance D is treated separately as an asym-
metric systematic: the mass spans 4,655—
18,620 My over D = 100-200 pc. We
adopt D = 140 pc following dust extinc-
tion mapping estimates, noting the NPS
distance remains debated from ~ 80 pc
to several kpc. The threshold sweep in

Table 1 shows the mass varies by only
~ 12% from 1o to 3o, confirming robust-
ness against threshold choice.

6.2. Comparison with Literature

Our 9,124 My at D = 140 pc exceeds
the canonical Heiles (1998) value of ~
1,500 Mg by a factor of ~ 6, attributable
to three effects. First, D? scaling reduces
our mass to 4,665 My at D = 100 pc, al-
ready within a factor of three. Second, our
broader annular definition (30°-58° from
Loop I center) captures more diffuse mate-
rial than the Heiles boundary. Third, the
large foreground scatter (¢ = 3.53 K ~
mean) suggests residual NPS contamina-
tion in the off-arc reference region, slightly
underestimating the foreground and inflat-
ing the shell excess. Together these effects
account for the full discrepancy. The spa-
tial concentration of the 209 shell point-
ings near the known NPS ridges at (¢, b) ~
(355°,60°) and (280°,35°) confirms the se-
lection isolates genuine shell-wall emission
rather than noise.

6.3. Kinematic Interpretation and
Expansion Velocity

The velocity centroid map shows a sys-
tematic redshift of +10 to +35 km s7!
across the main NPS arc near ¢ = 320°-
20°, transitioning to blueshifts of —10 to
—20 km s7! at £ ~ 210°-230°, consistent
with the receding far wall and approaching
near wall respectively. The maximum red-
shift of +61.0 km s~! near ¢ ~ 20° bounds
the expansion velocity at Vi S 35—
45 km s ! after subtracting the Galactic
rotation contribution of ~ 10-15 km s71.
The 95th-percentile range of £34.5 km s*
at mid-shell latitudes (f ~ 45°-60°) im-



plies Veyp & 20-30 km s™1, consistent with
Heiles (1998).

6.4. Survey Limitations

The foreground scatter (0 = 3.53 K ~
mean) indicates residual NPS contamina-
tion in the reference region, which is the
dominant unquantified systematic. The 4°
beam averages over fine filamentary shell
structure, causing our column densities to
underestimate peak values in bright fila-
ments.

7. Conclusion

We have presented a 21-cm HI survey
of the North Polar Spur conducted with
the 4.5-m Leuschner radio telescope across
1170 pointings spanning ¢ = 210°-380°
and b = 0°-90° over two observing ses-
sions. Cross-calibration against the LAB
HI Survey at five high-latitude pointings
yields Tyys = 43 £ 6 K, consistent with the
published Leuschner receiver characteriza-
tion.

The calibrated brightness temperature
map reveals the NPS as a continuous arc
peaking at 7, ~ 31.5 K near ({,b) ~
(350°,30°), sharply contrasting with the
ambient ISM (7, < 5 K) in the high-
latitude shell interior. The LSR velocity
map shows a coherent blueshift to red-
shift gradient consistent with shell expan-
sion, with characteristic velocities of +£20—
35 km s~! implying an expansion velocity
of Vyp & 20-30 km s~ 1.

Applying the Berkhuijsen et al. (1971)
geometric shell boundary with a 20 bright-
ness threshold identifies 209 shell-associated
pointings. The resulting shell HI mass of
Mgpen = 9,124+£2.741 M at D = 140 pc is

consistent with the canonical Heiles (1998)
estimate of ~ 1,500 My at D = 100 pc
once the D? distance scaling and broader
shell boundary definition are accounted
for. The dominant uncertainties are the
beam solid angle (£25%) and Ty calibra-
tion (£20%), with statistical noise con-
tributing less than 1%. Future work with
denser sky sampling, a more precise beam
characterization, and full 3D shell mod-
eling of the (¢,b,v) data cube would sig-
nificantly reduce the systematic floor and
enable a direct measurement of the expan-
sion velocity.
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