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ABSTRACT

The hyperfine transition of neutral hydrogen (HI line) is a primary tool for
looking through interstellar dust and characterizing galactic structures. It is
critical to determine information such as the thermal and kinematic properties
of the Interstellar Medium in the Milky Way Galaxy and the structures within.
The main objective of this paper is to characterize thermal and Doppler velocity
properties of Hydrogen in the Cygnus X and the line of sight local arm while
looking at Cygnus X. We utilized a radio telescope capable of detecting the
1420.4 MHz emission line to obtain power spectra data. With this data we
used gaussian fitting to decompose the multi-peak spectra and statistical analysis
to determine Doppler and temperature quantities. We were able to determine
the LSR corrected velocity of the main parcel of gas to be 12.75 km/s and to
determine the readings are made of 4 distinct parcels of gas each experiencing
different parameters. Our best constrained upper limit temperature measurement
is Tupper = 3984 £ 706 K, which still has an error of ~ 17% which is poorly

constrained.
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1. Introduction

Hydrogen is the most abundant element
in the universe, and neutral hydrogen is
the vast majority of baryonic mass in the
galactic disk. The space between stars is
not empty, but filled with neutral Hydro-
gen gas and that serves as potential nurs-
eries for new stars through cooling and col-
lapse into molecular clouds. These stars
then explode and send the neutral hydro-
gen back into the interstellar medium in
a galactic recycling process. Neutral hy-
drogen is cold, and unlike stars it does
not emit visible light, so we can detect
it when the electron’s spin flips from par-
allel to anti-parallel relative to the pro-
ton. This spin flip releases a photon with
a wavelength ~ 21.1 cm. A major moti-
vation for using the neutral hydrogen hy-
perfine transition line (HI line), is that ra-
dio waves at this frequency are unaffected
by interstellar extinction (dust particles).
So, while optical telescopes have difficulty
looking through the optically thick galac-
tic plane, HI line radio telescopes allow us
to see through the Galaxy.

Using a radio telescope located on the
roof of New Campbell Hall at UC Berkeley,
we will target the star system of Cygnus
X, as it is a massive nearby star system
and should demonstrate different physics
through the local galactic arm that is along
the telescopes line of sight. The primary
objectives of the data analysis in this pa-
per is to determine the Doppler velocities
with consideration of the Local Standard
of Rest (LSR), to use this data to char-
acterize the thermal parameters of the gas
detected, and to demonstrate the charac-
terization and error propagation of calibra-
tions through the data and interpretation.

In §2 we introduce the data analysis
techniques and theory relevant to this pa-
per. In §3 we discuss the characterization
of our radio telescope and the specific uti-
lization of data analysis. In §4 we provide
and outline the figures and data relevant
to our analytical goals. Finally, in §5 we
discuss the interpretation of the data, the
physical quantities we can derive from it,
and it’s statistical analysis.

2. Background

The HI line is a difficult to detect signal,
and is often masked within cosmic noise
data. This requires data manipulation to
extract the HI line from the raw data taken
from the telescope.

2.1. Isolating the HI Line

First we utilize frequency switching to
crease “on-line” and ”off-line” spectra.
The on-line spectrum is a long integra-
tion that has an LO (local oscillation fre-
quency) centered at 1420 Mhz, adjacent
to the rest frequency of the HI line. The
off-line spectrum has the LO shifted so the
line is either moved or removed from the
band. When the HI line is moved in the
band you can perform ”in-band” frequency
switching, and standard frequency switch-
ing when the off line spectrum does not
contain the HI line. The purpose of this is
to utilize a ratio ripe = Son/Sofs to remove
the instrumental band pass shape. How-
ever this only returns the spectra shape
and removes power information from the
data, as it divides out with the ratio.

Using this ratio, we can multiply by a



gain function
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to recover a power-calibrated spectrum,
Tiine = Tine X G, in units of Brightness
Temperature (Kelvin).

Now, to remove any residual instru-
mental noise, interference, or otherwise
non-HI line information from the data, we
can apply a low-order polynomial fit to
the off line channels in the data and sub-
tract the polynomial from our Tj,. spec-
trum. This residual noise can be in part
attributed to frequency-dependent reflec-
tions in the cable connection interfaces.
That is, when there is an interface be-
tween two components that do not share
the exact same impedance property, there
is some fraction of the signal that is trans-
mitted and some fraction that is reflected.
This reflection causes interference in the
data that does not perfectly cancel out
in the on and off line division leaving a
baseline in the data. For example, if you
plug in a perfect square wave from a func-
tion generator, and connect one end of
a T junction to an oscilloscope, and the
other end is not connected to anything,
one will notice the square wave has inter-
ference manifesting as ”steps” on the os-
cilloscope. This is due to the signal re-
flecting off the non-connected end (float-
ing end) and going through the cable into
the oscilloscope. These steps disappear if
a correct impedance terminator is attached
to the end of the floating cable. Another
cause of this residual noise is that gain and
noise characteristics of the SDR and ampli-
fiers can drift between the time of on and
off line measurements, so during division,

they do not cancel perfectly and can be
addressed in the same way.

Finally, we can subtract the system tem-
perature baseline from the Tj;,. spectrum
to center the parts of the sky without Hy-
drogen at 0 Kelvin.

2.2. Thermal and Turbulent Broad-
ening

Thermal broadening, a characteristic of
the random motion of gas at some temper-
ature T'. Even without bulk movement (i.e.
moving in the galactic plane), this random
motion will occur. In data, this causes the
ensemble of atoms at different velocities to
produce a spread of observed frequencies
rather than just a single sharp line at the
bulk motion frequency. Since the Maxwell-
Boltzmann distribution that governs this
random motion is a Gaussian, the ther-
mally broadened profile is also Gaussian
and the change in velocity due to thermal
broadening is
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my
and can be solved for T' to get the temper-
ature from a measured line width.

Turbulent broadening is when there is
some internal bulk motions where differ-
ent packages of gas within the same cloud
move at different velocities relative to each
other. These are not random thermal mo-
tions and can occur on a variety of scales
within the cloud. Due to potential differ-
ences in velocity, the Doppler shift mea-
sured is a superposition of all the different
Doppler shifts. We can add these two com-
ponents as

2 2 2
AUobs - Avthermal + Avturbulemﬁ (3)



In this paper we do not resolve each com-
ponent individually, so we can only re-
port upper limits of temperature readings,
as our Doppler measurements may include
turbulent broadening, and we do not have
a way to rule it out without decomposition.

2.3. LSR Calculation

In order for Doppler velocity data to
have significance, and to allow for repro-
duction in future experiments, we must im-
plement the Local Standard of Rest which
accounts for the the reference frame of
when the data was taken. The LSR cor-
rects for the Earth’s rotation, the Earth’s
orbit, and the Solar motion within the
galaxy. The LSR itself is a theoretical
point located at the Sun’s current distance
from the galactic center that follows and
exactly circular orbit. We first determine
a corrected velocity

‘/YCOTT - VEarth * Niarget

by projecting the velocity measurement
along the line of sight of the telescope.
Then to get the final velocity:

VLSR = Vmeasured + ‘/corr

To make the right corrections, we must
first characterize the gain function for the
entire system, utilizing cable length and
understanding the power loss per unit
length in the cable, and getting a base-
line system temperature using a known
temperature blackbody.

3. System Characterization and Data
Collection Methods

3.1. System Characterization

To characterize the gain function we
first need to determine the length of the
cable system. To do this we can utilize
the phase difference in the interference
mentioned in §2.1. First, using the same
type of cable in our observing system, we
plugged a function generator into a T junc-
tion, and attached a cable to the other end
of the junction and left it unattenuated.
These are cables of known length, with er-
ror 0.5 inch such that we could use the os-
cilloscope to measure the phase difference
duration in time to an error of +2ns.Our
measurements were t.upe = 157.0 £ 2 ns
and we used lengths of 26’8” and 2727,
and converted to meters to get a total
system length of L. = 16.41+ 0.02
m. Then to solve for the fraction of
the speed of light in the cable we use:
(2Lcable/tcable) = (209 + 004)68 Il’l/S.
Then we swap the function generator ca-
ble for the cable directly to our radio tele-
scope and rearrange the equation to yield
Lscope = (Compietscope)/2 = 65.22 + 1.25
meters.

Now we can characterize the amplitude
in the system by determining amplitude
loss per unit length. To determine this,
we measured our amplitude of signal be-
fore and after attaching our telescope ca-
ble, and converted to a loss parameter in
dB using lyp = 20log(Ainit/Acapie) £ 0.001.
Then, dividing by the cable length we got
a loss per meter of 0.23dB/m + 0.01dB.
Then applying this to our telescope we get
a total amplitude loss of 15.31 4+ 0.73 dB.

Finally to get a general gain function



we must determine the amplification for
all system components. The system com-
prises, in order, of: the horn telescope,
3 pre-amplifiers (4+26.8dB) each, attenu-
ator (—2.2dB), the cable (—15.31(73) dB),
a BPF, 2 amplifiers (+20.80(1)dB) each,
and the SDR (4+45dB) by defined by our
code. This gives us a total system gain of

149.66(73) dB.

Note, this system gain is O(100) lower
than the gain calculated using Equation(1).
Our cold sky zenith data and our at-
tempted 300 K blackbody (human) cal-
ibration data is not significantly distin-
guishable in arbitrary power. This indi-
cates that there may be an antenna black-
body coupling error and the data is not
significant. Therefore the calibration us-
ing that technique provided an incorrect
value G =~ 17000 whereas the calibration
utilizing system characterization provides
G ~ 140. So we will use the latter, as it
provides more physically meaningful read-
ings in §4.

3.2. Data Analysis

The data analysis section begins after
we have applied the adequate noise re-
moval, gain correction, and conversion to
Kelvin to determine our 7};,. as described
in §2.

To characterize the HI spectral data, a
multiple component Gaussian model was
fit to the isolate line profile in the ON-OFF
difference spectrum. A Gaussian func-
tional form was chosen as it is the expected
line shape for optically thin HI emissions
and should stay consistent for any thermal
broadening. The model takes the analyti-

cal form

S(v) = éAi exp (-%) (4)

where A; is the peak amplitude of each
component in units Kelvin, y; is the central
frequency in MHz, and o; is the standard
deviation in MHz. N was determined by
inspection of the line profile and minimiz-
ing residuals.

The fit was performed using the gaussfit
function from the ugradio package, which
wraps a nonlinear least squares routine and
accepts initial parameter guesses for the
amplitude, center, and width of each Gaus-
sian component. Multiple guesses for N
needed to be individually graphed, and fit
quality was assess by computing the resid-
uals between the model and data, with a
good fit having residuals consistent with
the noise floor across the spectrum.

Each fitted component has three physi-
cally meaningful quantities. A; is propor-
tional to the column density of HI gas at
that velocity. The central frequency p; can
be converted to a light of sign velocity us-
ing the Doppler formula and subsequently
used to check our other LSR corrected ve-
locities. This tells us about the thermal
broadening from §2. The following is a
more detailed analytical approach.

The FWHM is extracted directly from
the fitted Gaussian standard deviation o;
returned by gaussfit, via:

FWHM = 2v/21n2 o, (5)

This value is in units of frequency
[MHz|, and is converted to a velocity width
using the Doppler relation:



FWHM
c (6)
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where vy = 1420.406 MHz is the HI rest
frequency. The resulting Avpwyy in km/s
can then be substituted directly into Equa-
tion (2) to estimate an upper limit on the
kinetic temperature of the emitting gas:

Avpwam =

mpg

T < A 2
< Sy lng (Avrwin) (7

where the inequality reflects the fact
that turbulent broadening may contribute
to the observed line width, meaning the
true thermal temperature could be lower
than this estimate.

The LSR correction was implemented
using the astropy.coordinates package,
and the barycentric correction was using

the SkyCoord.radial velocity_correction

method. Julian date and observation loca-
tion information was saved into the meta-
data via the ugradio package.

For Cygnus X data the galactic coordi-
nates observed are ~ (81,0).

4. Results

The HI line from the Cygnus X region
was detected through on-off beam switch-
ing with the averaged spectra for each be-
ing shown in Figure 4. A clear excess in
the on-source spectrum is visible above the
off source baseline starting at about 1420.3
MHz which is consistent with the HI line
rest frequency of 1420.406 MHz. The on-
off difference spectrum isolates the excess
and reveals a broad asymmetric emission
feature with a peak brightness of 10.60 +
0.08 Kelvin, demonstrating a possible de-
tection of neutral hydrogen with a signal to

noise ratio of 172. Table 1 is a table of rel-
evant parameters extracted from the data,
including LSR corrected Doppler velocities
and peak frequency.

Parameter Value

HI Rest Frequency 1420.406 MHz
Peak Frequency 1420.45 MHz
Af (Obs to Rest) 42.73 kHz
Doppler Velocity — -9.02 km/s
LSR Correction 21.77 km/s
LSR Velocity 12.75 km/s

Table 1: Doppler and LSR velocity param-
eters derived from the peak of the ON-OFF
difference spectrum toward Cygnus X.

Parameter Value

Tays 35.57 K
ov 488.28 Hz
ton 22.42 s
Loff 22.32 s
Oon 0.3400 K
Ooff 0.3408 K
O qiff 0.4813 K
2 2554.96
DOF 1422

X2 1.7967

Table 2: Radiometer noise and chi-squared
fit parameters for Cygnus X HI observa-
tion.

To verify if the detection is the HI line,
we must demonstrate a Gaussian fit. This
will also assist in verification of the velocity
structure. The fit and it’s individual com-
ponents are shown in Figure 4, with rele-
vant parameters summarized in the Table
2.

The total fit reproduces the observed
profile with a reduced chi-squared of x? =



HI Line Gaussian Fit - Cygnus X (4 Components)
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Fig. 1.— Top: The ON-OFF differ-
ence spectrum (red) with the total four-
component Gaussian fit (black dashed)
and individual components shown in blue,
green, orange, and magenta. Bottom:
Residuals after subtracting the total fit
from the data, with the red +0 noise enve-
lope derived from the radiometer equation:
(0air = 0.481 K). The residuals are broadly
consistent with the thermal noise floor. Fit
quality parameters are summarized in the
accompanying table, with a reduced chi-
squared of x? = 1.797.

1.797, indicating a good but not perfect
fit. The residuals are mostly consistent
with the thermal noise floor of 0.481 K
and does not demonstrate a systematic
structure suggesting this four component
model captures the HI line effectively. The
four component span a frequency range of
1420.35 to 1420.90 MHZ, corresponding to
a total velocity of -104.3 to 11.8 km/s,
which reflects a superposition of multiple
HI clouds and spiral arm features. The
dominant component, centered at 1420.5
MHz accounts for a majority of the flux,

1420.90

Power Spectrum - Averaged Over Blocks - Cygnus X On vs Off (2MHz)
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Fig. 2.— Averaged power spectra for
the on-source (purple) and off-source (or-
ange). The dashed red line indicates the
HI rest frequency at 1420.406 MHz. Bot-
tom: The ON-OFF difference spectrum
AT =T, — Tog, isolating the excess emis-
sion from Cygnus X above the off-source
background. A broad asymmetric emis-
sion feature is visible above the noise floor
beginning at approximately 1420.30 MHz.
All spectra are calibrated to units of an-
tenna temperature [K| using a gain of G =
149.66 K /unit.

while the remaining three components de-
scribe more broad asymmetries at higher
LSR velocities.

In table §4, there are listed error val-
ues that propagate through the measure-
ments and will be further discussed in §5.
From the FWHM data from each gaus-
sian fit, we are able to recover some upper
limits on the thermal characteristics and
determine which thermal state the gas is
in, noted in §4. All four components are
within the intermediate to warm neutral
medium regime, and none are in the cold
neutral medium regime.



Parameter Uncertainty

G 149.66 £ 073 K/unit
(0.49%)

Tiys 35.57 +0.17 K

oait (stat) 0.4728 K (radiometer
equation)

oaift (Sys) 0.0067 K (gain system-
atic)

oait (total) 0.4728 K (combined in
quadrature)

Tpeak 10.60 4 0.47 K

Table 3: Summary error budget for the
Cygnus X HI 21cm observation. The to-
tal uncertainty on the difference spectrum
is dominated by thermal noise, with the
gain systematic contributing less than 2%
of the total error.
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Fig. 3.— FWHM and thermal phase clas-
sification for each Gaussian component to-
ward Cygnus X. Horizontal dashed lines
mark the CNM (~4 km/s) and WNM (~20
km/s) velocity boundaries. All four com-
ponents fall in the intermediate to WNM
regime, with annotated values showing the
fitted amplitude, LSR velocity, FWHM,
and kinetic temperature upper limit with
propagated uncertainties.

5. Analysis and Discussion

5.1. Doppler and Data Shape Inter-

pretation

We can confirm the detection of the HI
line toward Cygnus X through the clear

excess in brightness temperature of 10.60
+ 0.08 K and SNR of 172, that exhibits
a multiple component Gaussian construc-
tion. The asymmetric profile character-
ized by the blue-shifted rise and a slight
red-shifted tail is consistent with the su-
perposition of multiple HI clouds at dis-
tinct LSR velocities along the line of sight
through the region. The dominant compo-
nent at vpggr = 12.75 km/s is consistent
with emission from local spiral arm gas, as
emission within vy gg| < 20 km/s along this
line of sight is generally attributed to the
local Orion-Cygnus arm (1). The smaller
redshifted components are possibly associ-
ated with individual parcels of gas moving
separately to the blueshifted parcels.

T < 81;:% (Avpwin)? = 3984 £ 706K

(8)
Utilizing this equation we calculate the val-
ues from §4. With the most constrained
temperature parcel measured at 39844706

K

Comp. Typper K] Phase
1 3984 + 706 K Intermediate
2 7472 £ 2379 K WNM
3 17616 £ 4262 K WNM
4 5862 + 7550 K Intermediate

Most constrained: Comp. 1, Typper = 3984 £ 706 K

Table 4: Kinetic temperature upper limits
derived from the thermal broadening equa-
tion for each Gaussian component toward
Cygnus X. Note that only components 1
and 3 are reasonably constrained. Phase
classifications follow CNM (7' < 200 K),
intermediate (200 < 7" < 5000 K), and
WNM (T > 5000 K) boundaries.

The values from the FWHM are 13.5 &
1.2km/s, 18.5+2.9 km/s, 28.4+£3.4 km/s,



and 16.4 £+ 10.5 km/s and exist primarily
in the intermediate zone, with the third
component being inside the warm neutral
medium zone within error.

However, the error in these tempera-
ture measurements are too high to con-
sider the values well constrained. The first
component with the lowest uncertainty has
17.7% uncertainty, with the second low-
est being component 3 with 31.8% uncer-
tainty. This demonstrates that we cannot
attribute these measurements to be statis-
tically meaningful and likely have a sys-
tematic error propagating through the cal-
culations. It is of note though, that these
values are within a reasonable range of
temperatures for the objective character-
istics, so while they are unconstrained and
not statistically significant, they are at the
minimum physically reasonable.

5.2. Chi Squared and Error Propa-
gation

The evaluation of x?2 = 1.797 in the
Cygnus X data is slightly above unity, in-
dicating that while the model captures the
dominant structure, there are some sys-
tematic residuals that are not character-
ized by the model. There could be un-
resolved velocity substructures in the in-
dividual components of the fit that are
not distinguishable at the measured spec-
tral resolution. The noise estimate in the
chi-squared calculation was derived from
the radiometer equation, which assumes
purely thermal noise as og;rf = 0.481 K.
So, any correlated noise or baseline struc-
ture not captured by this model would in-
flate x2 above unity.

An F-test indicated marginal statis-
tical justification for a fifth component

(p = 0.027). However, the additional com-
ponent, and subsequent adjustments to
other components were poorly constrained
with fractional uncertainties that exceeded
100% and therefore is not considered phys-
ically meaningful. The four-component
model is adopted in this paper as it pro-
vides a more physically interpretable de-
scription of the data.

The total uncertainty in the measured
antenna temperatures arises from two in-
dependent sources: statistical noise char-
acterized by the radiometer equation, and
systematic uncertainty from the gain cali-
bration. These are propagated separately
and combined in quadrature to yield the
total error budget summarized in Table
4. The statistical noise on each averaged
power spectrum is given by the radiometer

equation:

Tsys
o= —— 9
VAU -t (9)

where Ty,s = 35.57 K is the system tem-
perature estimated from the mean of the
off-source spectrum, Av = 488.28 Hz is
the frequency resolution per bin, and ¢
is the total integration time. This yields
oon = 0.340 K and o,¢ = 0.341 K for the on
and off source spectra respectively. Since
each spectra are independent measure-
ments, their uncertainties add in quadra-
ture to give the noise on the difference
spectrum:

O4diff — \/Ugn+ggﬁ:0.473 K (10)

The systematic uncertainty from the gain
calibration propagates multiplicatively into
all absolute temperature measurements.
For a quantity T = P/G, the fractional
gain uncertainty gives:



or oOg 0.73

T G 149.66 =049% (1)
This contributes 05,5 = 0.007 K to the dif-
ference spectrum, which is negligible com-
pared to the statistical noise. The total
uncertainty on the difference spectrum is
therefore:

Ototal = \/ Oy + 025 = 0473 K (12)

confirming that the error budget is domi-
nated entirely by thermal noise. It is im-
portant to note that the gain systematic is
a correlated error that scales all tempera-
ture measurements by the same factor, and
therefore does not affect frequency-derived
quantities such as vrgr, FWHM, or chi?.

The uncertainties on the individual
Gaussian fit parameters were propagated
from the covariance matrix returned by
gaussfit, with the gain systematic added
in quadrature to the amplitude uncer-
tainties. Of the four fitted components,
only component 1 is well constrained with
fractional amplitude uncertainties of 53%,
which is only marginally acceptable. Com-
ponents 2, 3, and 4 have statistical uncer-
tainties exceeding their fitted amplitudes
and are not individually significant at the
lo level, though they contribute to the
overall fit quality as assessed by the re-
duced chi-squared y? = 1.797.

6. Conclusion

This experiment successfully detected
HI 21cm emission toward Cygnus X using a
software-defined radio telescope, confirm-
ing the presence of neutral hydrogen along
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the line of sight with a peak brightness
temperature of Teax = 10.6 = 0.08 K. The
asymmetric line profile was decomposed
into four Gaussian components, adopted
as the most parsimonious physically mean-
ingful model following F-testing, which re-
jected a fifth component despite marginal
statistical justification (p = 0.027) due to
unconstrained fit parameters. The reduced
chi-squared of x? = 1.797 indicates good
but imperfect fit quality, with residuals at-
tributed to unresolved velocity substruc-
ture.

The dominant component at vpsg =
12.75 km/s confirms emission from local
spiral arm HI, with remaining components
consistent with more distant Perseus and
outer Cygnus arm gas. FWHM-derived
temperature upper limits place the nar-
rowest component (13.50 £+ 1.22 km/s) in
the intermediate regime (Tpper = 3984 +
706 K). However, error in the temperature
readings were statistically insignificant but
within a realm of physical reason. So fur-
ther calibration and observation is required
to confirm data and derivations along the
Cygnus X line of sight.
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