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ABSTRACT

The Ohio State University Big Ear radio telescope detected in 1977 the Wow! Signal, one of the most
famous and intriguing signals of extraterrestrial origin. Characterized by its strong relative intensity
and narrow bandwidth near the 1420 MHz hydrogen line, its source has never been detected again
despite numerous follow-up attempts. Arecibo Wow! is a new technosignature project using archived
data from the Arecibo Observatory. Here we present our first results of drift scans made between
February and May 2020 at 1420 MHz. The methods, frequency, and bandwidth of these observations
are similar to those used to detect the Wow! Signal. However, our observations are more sensitive,
have better temporal resolution, and include polarization measurements. We report the detection of
narrowband signals (Ar < 10 kHz) near the hydrogen line similar to the Wow! Signal, although two-
orders of magnitude less intense and in multiple locations. Despite the similarities, these signals are
easily identifiable as small interstellar clouds of cold hydrogen (HI) in the galaxy. We hypothesize that
the Wow! Signal was caused by a sudden brightening of the hydrogen line in these clouds triggered by
a strong transient radiation source, such as a magnetar flare or a soft gamma repeater (SGR). A maser
flare or superradiance mechanisms can produce stimulated emission consistent with the Wow! Signal.
Our hypothesis explains all observed properties of the Wow! Signal, proposes a new source of false
positives in technosignature searches, and suggests that the Wow! Signal could be the first recorded
event of an astronomical maser-like flare in the hydrogen line.

Keywords: Search for extraterrestrial intelligence (2127), Neutral hydrogen clouds (1099), Interstellar
masers (846), Magnetars (992), Radio astronomy (1338), History of astronomy (1868)

1. INTRODUCTION

The Wow! Signal, detected on August 15, 1977, by
the Ohio State University’s Big Ear radio telescope, re-
mains one of the most compelling potential instances
of extraterrestrial communication (Ehman 2011a). The
signal, identified by astronomer Jerry R. Ehman, ex-
hibited a narrowband radio frequency of approximately
1420.456 MHz, which is notably close to the hydrogen
line frequency, a region of the radio spectrum often con-
sidered a natural candidate for interstellar communica-
tion (Kraus et al. 1979).

The signal lasted for 72 seconds, corresponding to
the time it took the telescope beam to sweep past the
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source, but no follow-up observations have successfully
replicated this anomaly (Gray & Ellingsen 2002a). The
transient nature of the Wow! Signal, combined with
its strength and frequency, has led to extensive debate
and investigation within the SETI community (Search
for Extraterrestrial Intelligence), yet its exact origin re-
mains undetermined (see, e.g., Tarter 2001).

Further analysis of the Wow! Signal suggests that its
strength and narrow bandwidth are inconsistent with
natural astronomical sources, such as pulsars or known
interstellar phenomena, thereby raising the possibility
of an artificial origin (Shostak 2003). The Wow! Signal
remains an enigmatic outlier, representing a tantalizing
hint of potential extraterrestrial communication while
underscoring the challenges inherent in distinguishing
genuine signals from cosmic noise and terrestrial inter-
ference (Tarter 2010; Kipping & Gray 2022).



Despite numerous efforts using various radio tele-
scopes, including the Very Large Array (VLA), no re-
peat detections have been made at the original frequency
or any other candidate frequencies (Gray & Marvel 2001;
Backus et al. 2004; Perez et al. 2022). The search for
similar signals continues to be a significant focus within
the SETI community, employing advanced digital signal
processing techniques and expanded observational ca-
pabilities to improve the chances of detecting faint and
transient signals (Werthimer et al. 2001).

The Allen Telescope Array (ATA) was also used to
search for possible repetitions (Harp et al. 2020). The
researchers monitored the specific frequency and sky co-
ordinates associated with the original signal, using the
ATA’s capabilities to capture a broad frequency range
in search of potential extraterrestrial signals. Despite
comprehensive observation efforts spanning multiple ses-
sions, the study did not result in the detection of any
repeat signals. This outcome suggests that the Wow!
Signal may have been a unique occurrence or an arti-
fact of terrestrial interference, rather than a signal of
extraterrestrial origin.

The Wow! Signal is frequently described as narrow-
band in contrast to the broadband spectra typical of
most astronomical radiation. However, it is crucial to
note that the Wow! Signal bandwidth is around 10 kHz,
which is ten times the bandwidth of some astrophysical
masers (Rajabi & Houde 2020) and a thousand times
greater than the bandwidth of signals targeted in numer-
ous contemporary radio SETI searches (Wright 2022;
Huston & Wright 2022). For example, UCLA SETT han-
dles data with a 3 Hz resolution (Margot et al. 2023).

The main objective of this paper is to present the
first results of our Arecibo Wow! project. We in-
clude a comparison between the Ohio State Univer-
sity (Ohio SETI) and the Arecibo Observatory SETI
projects, which should provide a context of the Wow!
Signal and our observations (section 2 and section 3).
Arecibo Wow! is a side project of Arecibo REDS, and
they are both described in section 4. We present the
analysis of our observations in section 5. Our proposed
mechanisms for the origin of the Wow! Signal is de-
scribed in section 6. Finally, we discuss the implications
of this study in section 7 and summarize our study find-
ings in section 8.

2. OHIO SETI

The Big Ear radio telescope, located at Ohio State
University, played a pivotal role in the Ohio Sky Survey
prior to 1973 (Ehman et al. 1970). This project was
dedicated to measuring the positions and strengths of
wide-band radio sources operating primarily within the

21-cm hydrogen line at a bandwidth of 8 MHz, span-
ning from 1411 to 1419 MHz. During the course of the
survey, approximately 20,000 radio sources were cata-
loged, nearly half of which were previously unobserved
by any other radio telescope. Subsequent observations
were made at other observatories to refine the positions
of these sources, and several were optically identified,
including two that were recognized as the most distant
quasars known at the time (Kraus et al. 1979).

In 1973, following a shift in funding priorities by the
United States Congress, the National Science Foun-
dation (NSF) withdrew its financial support for the
Ohio Sky Survey, which had a significant impact on the
project. The loss of funding led to the cessation of the
Ohio Sky Survey and the eventual disbandment of the
survey team. Despite these setbacks, the Big Ear radio
telescope was repurposed for a new mission: the system-
atic search for narrowband radio signals, or Ohio SETI.

Unlike wide-band radio sources, which are typically
natural and generate emissions across a broad spectrum
(including radio, optical, X-ray, and gamma-ray bands),
narrowband sources are often artificial, such as those
used in AM, FM, TV broadcasts, satellite communica-
tions, and radar, implying potential intelligent origin.
With the narrowband search underway, a systematic
survey of the declination range from -36° to +64° be-
gan (Dixon & Cole 1977).

The data collected by the Big Ear radio telescope were
processed and recorded in a series of computer print-
outs, each row encapsulating approximately 12 seconds
of sidereal time (Figure 1). During each 10-second pe-
riod, the telescope collected one intensity value per sec-
ond across 50 channels, averaging these ten values to
represent the intensity of each channel throughout the
10-second integration period (Dixon & Cole 1977).

The remaining 2 seconds of the 12-second interval were
dedicated to computer analysis, where it processed the
data and identified any notable phenomena. The print-
outs displayed the average intensities for each of the 50
channels (each having Av = 10 kHz), arranged sequen-
tially from left to right, with channel 1 on the left side
and channel 50 on the right side.

Intensity values were converted to a single character
for display: zero values were rendered as blanks, integers
1 to 9 were printed directly as digits, and integers 10
to 35 were represented by uppercase letters A through
Z, respectively. Each character corresponds to a spe-
cific range of signal-to-noise ratios. During a standard
analysis of the data gathered on August 15, an unusual
character string, “6EQUJ5,” was detected in channel 2
of the printout on August 19, 1977.
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However,
Moreover,

The signal was never repeated, despite numerous
follow-up observations. In the context of SETI, repeti-
tion is essential for verification, as a one-time detection

makes it difficult to rule out other sources.
Another possibility is that the Wow! Signal originated

would be universally recognized by technologically ad-
from a natural astrophysical source. Candidates include

vanced civilizations (Drake & Sagan 1973).

this hypothesis faces critical issues.
which would be expected from an intentional transmis-

hydrogen line, is considered a logical choice for inter-
stellar communication because it is naturally quiet and
the absence of modulation or encoding in the signal,
sion, further complicates this interpretation.

The frequency of the signal, close to the

).

This sequence was immediately recognized as indica-
The hypothesis that has gained the most attention,
especially among the public, is that the Wow! Signal

tive of a narrowband radio source with a small angular

Figure 1. Full page of the computer printout with the Wow! Signal labeled in handwritten red ink. The coordinates column
(Wright 2021

corresponds to the location of the positive horn. The signals are calculated from the signal-to-noise ratio (SNR) of the absolute
value of the difference between the positive (ON) and negative (OFF) horn, which is 45 arcminutes ahead (3 minutes). Three
locations of interest were added to the figure, labeled A, B, and C, and highlighted in red. They have the approximate azimuth

size of the Big Ear telescope (8 arcminutes). The actual location of the Wow! Signal is either in B or C. If the signal was present
then it would appear in both B and C, but there is nothing in C. A Digitized Sky Survey 2 (DSS2) frame was included for

and persistent in B, then the signal would appear in both A and B, but there is nothing in A. If present and persistent in C,
reference with the objects in the observed field (right). Printout credit: The Ohio History Connection Collections.

istics, including location, time, and absolute intensity.
was a transmission from an extraterrestrial civilization

diameter, a potential signal of intelligent origin. The
strongest signal, represented by the character “U,” indi-
cates that the signal was 30.5 & 0.5 times stronger than
the background noise. This signal was later referred to
as the Wow! Signal. In Table 1 we describe its character-



Table 1. Description of the Wow! Signal.

Parameter

Value

Date

Time

Location

Frequency

Observation Frame

Bandwidth

Signal Strength

Duration

Positive (West) Horn Coordinates
Negative (East) Horn Coordinates
Positive (West) Horn Coordinates
Negative (East) Horn Coordinates

—~

Equatorial)

—~

Equatorial)
Galactic)
Galactic)

P

Estimated Intensity

August 15, 1977

22:16:01s (10:16:01 PM) EST (02:16 UTC, August 16)
Sagittarius Constellation

1420.4556 + 0.005 MHz

Galactic Center of Rest (GCR)

narrowband (< 10 kHz)

30.5 £ 0.5 times background noise (SNR ~ 30 to 31)
72 seconds

RA: 19h 25m 31s £ 10s, Dec: -26d 57m £ 20m (J2000)
RA: 19h 28m 22s + 10s, Dec: -26d 57m £ 20m (J2000)
lon: 11d 39.0m =+ 0.9m, lat: -18d 53.4m + 2.1m

lon: 11d 54.0m =+ 0.9m, lat: -19d 28.8m + 2.1m

~ 54 or 212 Jy

References—(Ehman 2011a)

stellar flares, pulsars, or other cosmic phenomena that
emit radio waves (for a recent explanation overview, see
Kipping & Gray 2022). However, these sources typically
exhibit characteristics such as periodicity or broader
bandwidths, which the Wow! Signal lacks.

The narrowband nature of the signal is particularly
unusual because natural emissions are generally broad-
band. Additionally, the hydrogen line frequency is not
usually associated with strong (non-thermal) radio emis-
sions from astrophysical objects, making this hypothesis
less likely.

The possibility of interstellar scintillation (ISS) has
also been raised as a potential explanation for the Wow!
Signal. In the case of ISS, a radio signal can fluctuate
significantly in strength and phase when passing through
the ionized interstellar medium (Cordes & Lazio 1991,
Cordes et al. 1997; Brzycki et al. 2023). A key obstacle is
that ISS will not make a broadband signal narrowband
and the probability of a scintillation gain on the order
of a hundred is very small (Gray & Marvel 2001).

Terrestrial interference is another plausible explana-
tion. The signal could have been caused by a reflected
terrestrial transmission or an Earth-based signal that
temporarily overwhelmed the receiver. The 1420 MHz
band is protected for astronomical purposes, but ille-
gal or accidental transmission in this band could have
occurred. However, the Big Ear radio telescope had
a design that helped filter out terrestrial sources, and
the signal appeared only in one of the two feed horns,
complicating the explanation of interference. No known

terrestrial source has been identified that matches the
characteristics of the Wow! Signal.

One hypothesis suggests that the signal could have
been caused by a reflection of Earth-based signals
off space debris or satellites (Ehman 2011b). This
idea posits that a radio signal from Earth might have
bounced off a satellite or space debris and was then
picked up by the telescope. However, this explanation
struggles with the same issue of non-repetition.

The duration of the signal and its specific character-
istics do not align neatly with the known satellite re-
flections or the behavior of the debris. Additionally, the
Doppler shift expected from such a reflection was not
observed. Moreover, a reflecting piece of space debris
must have been moving very slowly and not tumbling
to mimic a point source in the celestial sphere, which is
unlikely (Ehman 2011a).

There is also the consideration of interstellar prop-
agation effects, where the signal could have been dis-
torted or focused through gravitational lensing or other
space phenomena. These effects could potentially cre-
ate a signal that mimics the characteristics of the Wow!
Signal. However, the gravitational lensing hypothesis
suffers from the drawback of a short signal duration.
The Wow! Signal was not detected in the second horn
of the Big Ear whose beam swept the same area of the

1 For a description and some of the hypotheses that have been
raised about the terrestrial and extraterrestrial origin of the sig-
nal see the detailed account written by Jerry R. Ehman himself
in 2010 at this URL (last visited: September 12, 2024).



sky only 3 minutes later (Ehman 2011a). Additionally,
such a scenario would likely involve complex interactions
with multiple cosmic objects, which are improbable and
would likely have been observed again under similar con-
ditions.

Finally, human error has been considered in the
recording or processing of the data. Data handling
methods in 1977 were not as advanced as today, and
it is conceivable that a mistake or anomaly in the data
processing chain produced the Wow! Signal. However,
this explanation lacks specific evidence and does not ac-
count for the signal’s characteristics, which seem consis-
tent with a real astronomical event.

In summary, any explanation of the Wow! Signal must
account for its five principal characteristics (Ehman
2010): (1) it exhibited a narrowband nature, with a
bandwidth equal or less than 10 kHz, (2) the mean sig-
nal strength remained invariant for a minimum of 72
seconds, persisting for a duration ranging from minutes
to hours, as it was detected in only one of two sequen-
tial horns (separated by a three-minute interval) and
not within a 24-hour period succeeding this event, (3) it
possessed a high flux density, measured in the range of
tens to hundreds of Janskys, (4) no modulation was dis-
cerned on a temporal scale shorter than 10 seconds, and
(5) it was a singular observation, not observed in sub-
sequent observations by Big Ear or any other telescopes
henceforth.

3. ARECIBO SETI

Arecibo’s first notable involvement in SETT began in
1974 with Project Ozma II, which was a continuation of
Frank Drake’s original Project Ozma conducted at the
Green Bank Observatory in 1960 (Drake 1961). Project
Ozma II, led by Drake himself, utilized Arecibo’s then-
newly upgraded 305-meter dish to search for signals from
stars within 160 light-years of Earth. This project was
one of the first systematic searches for extraterrestrial
signals using a large radio telescope and helped establish
Arecibo as a key instrument in the emerging field of
SETI (Sheaffer 1975; Gray 2021).

Perhaps the most famous event in Arecibo’s SETT his-
tory occurred on November 16, 1974, when it was used
to transmit the Arecibo Message, a 1679-bit binary mes-
sage sent towards the globular star cluster M13, located
approximately 25,000 light years away (Staff at the Na-
tional Astronomy & Ionosphere Center 1975). Designed
by Frank Drake, with input from Carl Sagan and others,

5

the Arecibo Message was a demonstration of humanity’s
ability to communicate with distant civilizations. Al-
though the probability of the message being received and
understood by extraterrestrial beings is slim, the event
was symbolically important and underscored Arecibo’s
central role in the SETI community (Drake & Sagan
1973; Sagan & Drake 1975).

In the late 1980s and early 1990s, Arecibo was
the primary instrument for NASA’s High Resolution
Microwave Survey (HRMS), a major SETI initiative
(Shostak 1993; Dick 1993). The HRMS aimed to search
for narrowband signals from thousands of nearby stars,
utilizing Arecibo’s sensitivity and large collecting area
to scan the sky more thoroughly than ever before. Al-
though the HRMS was canceled in 1993 due to budget
cuts, Arecibo’s contributions during the program laid
the groundwork for future SETT efforts.

Following the end of HRMS, Arecibo continued to par-
ticipate in SETI through various initiatives, including
the Search for Extraterrestrial Radio Emissions from
Nearby Developed Intelligent Populations (SERENDIP)
project (Werthimer et al. 1988). SERENDIP was a pig-
gyback search, which means that it used data collected
by Arecibo during other observations to perform a par-
allel search for extraterrestrial signals.

SERENDIP IV, which began in the late 1990s, used
a multichannel receiver installed at Arecibo to scan
the sky for signals over a wide range of frequencies
(Chennamangalam et al. 2017). The data collected
by SERENDIP IV were also used by the SETI@home
project, a distributed computing effort that allowed mil-
lions of volunteers around the world to analyze SETI
data on their home computers (Korpela et al. 2001).
This collaboration between Arecibo and SETI@home
significantly expanded the scope and reach of SETI re-
search.

Another significant SETI-related effort at Arecibo was
the Phoenix Project, which ran from 1995 to 2004
(Turnbull & Tarter 2003). Sponsored by the SETI In-
stitute, the Phoenix Project was a targeted search that
focused on specific stars thought to be good candidates
for hosting intelligent life. Arecibo’s large aperture and
advanced receivers made it an ideal instrument for this
focused search, and the Phoenix Project represented one
of the most sensitive searches for extraterrestrial signals
ever conducted.

Throughout its operational life, Arecibo was involved
in numerous other SETI-related projects and observa-
tions, often serving as a testbed for new technologies
and techniques in the search for extraterrestrial intel-
ligence. The observatory’s unparalleled sensitivity and
versatility made it a cornerstone of SETI research, and
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Table 2. Comparison of the telescopes of the Arecibo Observatory (AO) and the Ohio State University Radio Observatory

(OSURO).

Property

Arecibo Telescope

Ohio State University Telescope (Big Ear)

Telescope Type
Operational Years

Current Status

Fixed dish with moving receiver
1963 - 2020

Decommissioned (collapsed in 2020)

Fixed paraboloid with meridian-transit
1963 - 1998
Dismantled in 1998

Location Arecibo, Puerto Rico, USA Delaware, Ohio, USA
Longitude 66.7528° W 83.0336° W
Latitude 18.3442° N 40.2567° N
Elevation 497 m 276 m

Main Reflector
Dimensions

Equivalent Dish Diameter 305 m
300 MHz to 10 GHz

1 mto3cm

Frequency Range
Wavelength Rage

Spherical Reflector

305 m diameter

Cylindrical Paraboloid
104 m wide by 21 m height
53 m
1411 to 1419 MHz (also 612 and 2650 MHz)

21 cm (also 49 cm and 11 cm)

Illuminated Area 213 m x 237 m (40,000 m?) ~2,200 m?
Effective Dish Diameter 225 m ~53 m
Radius of Curvature of Primary Reflector 265 m ~243 m
Maximum Declination Coverage -1 to +38 degrees -36 to +63 degrees
Azimuth Pointing Range 360 degrees Fixed
Zenith Angle Range 40 degrees 100 degrees

Pointing Accuracy

~1 arcsecond

unknown

References—(Ehman 2011a; Salter 2012)

its contributions continue to influence the field even af-
ter its collapse in 2020.

The Arecibo Observatory’s legacy in SETI is marked
by its role in pioneering early searches, conducting high-
profile experiments like the Arecibo Message, and sup-
porting a wide range of projects that advanced our un-
derstanding of the cosmos and the potential for life be-
yond Earth. The observatory data and findings remain
valuable resources for ongoing and future SETI efforts
(Tarter 2001). The Big Ear and the Arecibo Observa-
tory were two successful contemporary telescopes that
also dedicated their time to SETT research (Table 2).

4. ARECIBO WOW!

In 2017 we started the Arecibo REDS project (Radio
Emissions from Red Dwarf Stars). This project aims to
study radio emissions from red dwarf stars using data
from the Arecibo Observatory. Red dwarf stars, the
most abundant type in the Milky Way, emit a wide range
of radio frequencies because of their high activity lev-
els (Yiu et al. 2024). We are studying these emissions,
focusing on their frequency, polarization, and variabil-

ity. Our observations are intended to help character-
ize stellar flares and coronal mass ejections, which im-
pact the space weather and habitability of their planets
(Airapetian et al. 2020).

Our research also explores the potential utility of these
observations as tools for detecting exoplanets orbiting
red dwarf stars (Vedantham et al. 2020). The results of
Arecibo REDS will be presented elsewhere. After the
collapse of the Arecibo Telescope in 2020, we plan to
continue these observations with other radio telescopes.

We observed from the Arecibo Observatory’s 305-
meter telescope from 2017 to 2020 (AO Project A3123)
and the 12-meter telescope in 2023 (AO Project A4006).
Most of our targets were red dwarf stars with planets.
Our observation protocol was similar to the one used
by Route & Wolszczan (2012) to search for radio flares
from ultracool dwarfs. Spectral observations were made
in the L-band in full Stokes mode with up to 10-minute
integration using the Arecibo Observatory’s Mock Spec-
trometer. Each of the seven receiver boxes had a band-
width of 83 MHz at central frequencies of 1282, 1353,
1424, 1495, 1566, 1637, and 1708 MHz, for a total con-
tinuous bandwidth of 509 MHz.



Table 3. Comparison of the observation parameters of Arecibo Wow!, relevant to this study, with those

of the Ohio SETI.

Property

Arecibo Wow!

Ohio SETI

Operation Years
Telescope

Band

Receiver Temperature
Frequency Range
Frequency Channels
Bandwidth/channel
Total Bandwidth
Integration Time
Polarization
Observation Modes
Backend

Gain

System Equivalent Flux Density (SEFD)

Half-Power Beam Width (HPBW) (Az x ZA)

May 2024 - Present
Arecibo Telescope

1973 to 1995 (22 years)
OSU Telescope (Big Ear)

L-band L-band
~25 K ~100 K
1164.5 to 1735.5 MHz 1420.4 to 1420.9 MHz
7 x 8192 509
10.1 kHz 10 kHz
571 MHz 500 kHz
0.1 seconds 12 secondsb
Full Stokes Single
ON, ON-OFF, DRIFT DRIFT
Mock Spectrometer Ohio SETI
7.9 K/Jy¢ ~0.1 K/Jy
3.2 Jy© ~1000 Jy

Transit Time (null-to-null) @ (£27° declination)

3.1 x 3.5 arcminutes

28 seconds

8 x 40 arcminutes
72 seconds

®QOhio SETI operated with 8 channels, 20 to 100 kHz bandwidth, from 1973 to 1976.

bThe integration time was 10 seconds, plus a 2-second wait time between integrations.

¢Pre-Hurricane Maria values were ~10.5 K/Jy and ~2.4 Jy, respectively.

NOTE—Az = azimuth, ZA = zenith angle.

References—(Kraus et al. 1979; Dixon 1985; Salter 2012)

Table 4. Observed targets in drift mode from the Arecibo Observatory 305-meter telescope from

February to May 2020.

Name Type Distance ICRS (J2000) Galactic (J2000)
Teegarden’s Star dM6 Star 3.83 pc 0253009 416 52 52.6 160.263 -37.026
Barnard’s Star M4V Star 1.83 pc 1757 48.5 +04 41 36.1  31.009 +14.062
HD 157881 K7V Star 7.71 pc  172545.2 402 06 41.1 24.758 4+19.976
SGR 193542154 Magnetar 9.0 kpc 19 34 55.7 421 53 48.2 57.247 +0.819
3C 76.1 (B0300+162) Radio Galaxy 194 Mpc 03 03 15.0 +16 26 18.9  163.065 -35.961
3C 365 (B1756+134) Radio Galaxy 1500 Mpc 17 58 24.0 +10 45 00.0 36.716 +16.595

Void

Blank Sky

N/A

03 00 00.0 417 00 00

161.879 -35.970




Similar observations were made in the S, C, and X
bands. The integration was 100 ms and the channel
width 10 kHz, corresponding to a Doppler change of 2.1
km/s relative to the HI line (unintentionally the same as
the Big Ear during the Wow! Signal detection). There
were 8192 channels per receiver. We used both diode
and target calibrators to calibrate our flux density mea-
surements.

Arecibo Wow! is a technosignatures side project of of
Arecibo REDS. Our original observational strategy was
neither tailored nor optimized for the detection of tech-
nosignatures, e.g. a high time and frequency resolution
(Wright 2021). However, our sample included stars with
known potentially habitable exoplanets (PHL 2024),
which were observed for long sessions that spanned fre-
quencies from 1 to 10 GHz.

In this study, we focus only on our drift-scan mode ob-
servations made from February to May 2020 at topocen-
tric frequencies between 1419.5 and 1421.0 MHz (?7?).
This mode and frequency range are analogous to the
protocol used in the detection of the Wow! Signal (Ta-
ble 3).

The seven targets studied with drift scans were Tee-
garden’s Star, Barnard’s Star, and HD 157881, which
were part of our main study (Table 4). We also con-
ducted observations in this mode of the radio galaxies
3C 76.1 (B0300+162) and 3C 365 (B1756+134), which
served as our calibration standards. The magnetar SGR
193542154 constituted an opportunistic target, due to
its active state during the observation period and its
proximal spatial alignment with our primary subjects
(Bochenek et al. 2020). Our final target was a nearby
random section of the sky that we denoted Void, for
reference purposes.

5. DATA ANALYSIS AND RESULTS

The data were read and calibrated using standard pro-
cedures with the Arecibo Software Library. The dy-
namic spectra were detrended and normalized in fre-
quency and time to cancel out broadband signals and
identify narrowband variations. Most of the observa-
tions were made in the LSRK frame, but were also con-
verted to the topocentric frame to make it easier to iden-
tify terrestrial RFI. Our longest drift scan was 10 min-
utes long (2.5 degrees in right ascension), of Teegarden’s
star (Figure 2).

We developed a series of methodologies in the Inter-
active Data Language (IDL) aimed at the detection of
narrowband signals. Among these, one emulated the
analytical approach employed by the Ohio SETI, specif-
ically averaging data over 10-second intervals and using
the most recent 60 data points for mean and background

Figure 2. Dynamic spectra of a 10-minute drift scan cen-
tered on Teegarden’s Star showing four narrowband signals
associated to small cold Hi clouds, labeled A, B, C, and D.
The top subplot is the time average flux density with the
galactic H1 profile at the center. The right subplot is the
frequency average flux density with a peak between 400 and
500 seconds attributable to AGC 74887. The clouds are not
related to Teegarden’s Star or AGC 74887. Their properties
are described in Table 5.

noise calculation. The flux density was then converted
to a signal-to-noise ratio (SNR). All of the methods
yielded consistent results.

We identified four main signals in the vicinity of Tee-
garden’s Star corresponding to small cold neutral hy-
drogen (Hi) clouds (Figure 2). Similar clouds appeared
in the observations of SGR 193542154 and in the Void
region. The intensity and location of the cloud signals
were consistent between multiple independent scans dur-
ing the same observation session of Teegarden’s Star.
There was some variability in the SGR 1935+2154 sig-
nals observed in three epochs separated by a week, which
could be attributed to noise or scintillation.

As an example, we focus our analysis on the clouds
near Teegarden’s Star, since it was the longest drift scan
we performed. Their observed properties are consistent
with small cold HI clouds (Table 5 and ??). Their hy-
drogen column density ng; corresponds to their partial
contribution to the total Hi background (Figure 3). See
the supplementary ?? and 7?7 for a description of ngy
in all our observed targets.

The most noticeable characteristic of the HI cloud sig-
nals depicted in Figure 2, is their close resemblance to
the bandwidth and duration of the Wow! Signal (Fig-
ure 1). They are concentrated primarily in a bandwidth
of ~ 10 kHz, but it is clear that this is an artifact of the
frequency resolution, and their actual bandwidth could
be smaller or even slightly larger. These clouds are spa-
tially resolved, among the characteristic galactic Hi pro-
file, with different frequencies due to different Doppler
velocities.



Teegarden's Star
43.5 43.0

DEC (°)

9.20x10% cm”

43.5 43.0
RA (°)

7.0x10°  8.0x10”°  9.0x10°  1.0x10”*  1.1x10”*
GALFA HI Column Density (cm™)

(a) Teegarden’s Star (GALFA).

Wow! Signal
293.0 2925 292.0 2915 291.0 290.5
-25.5 -25.5
-26.0 -26.0
-26.5 -26.5
Z)u: 27.0 27.0
o -27. -27.
4.83x10”° cm™ 5.03x10°° cm™’
275 27.5
-28.0 -28.0

292.5 292.0 291.5 291.0
RA (°)

45x10°  5.0x10°  55x10°  6.0x10°  6.5x10°  7.0x10%°
HI4PI HI Column Density (cm™?)

(b) Wow! Signal (GALFA).

Figure 3. Hydrogen column densities ngr near the Teegar-
den’s Star and the Wow! Signal fields, figures (a) and (b),
respectively. The scan strip of our observation and its av-
erage density are shown (white frame and text). The Wow!
Signal field shows its two possible location with a lower ng;.
Note that the colorbar does not have the same scale in each
plot to highlight the relative column density. Data from
the Galactic Arecibo L-Band Feed Array (GALFA) and the
Hi1 47 (HI4PI) surveys, with spatial resolution of 4 and 16
arcminutes, respectively HI4PI Collaboration et al. (2016);
Peek et al. (2018).
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The angular dimensions of these HI clouds are com-
parable to the azimuth beam width of the Big Ear tele-
scope, approximately 8 arcminutes (Table 3). Their
brightness might fall within or below the detection sen-
sitivity of the Big Ear. The primary distinction between
these signals and the Wow! Signal is their brightness and
transient characteristics, that is, they have to become
about one-hundred times brighter for a few minutes to
reproduce the Wow! Signal.

6. PROPOSED MECHANISMS

We postulate that when observed by the Big Ear tele-
scope in 1977 one of the small cold HI clouds in the
beam of the telescope experienced a transient increase
in brightness because of a natural astrophysical process.
The cloud itself was not bright enough for Big Ear to
detect on its own outside of this event. In other words,
the Wow! Signal was a natural phenomenon that was ob-
served unexpectedly when a radio telescope was aimed
at the right place and time in the sky.

Several known mechanisms could account for a tran-
sient surge in the brightness of the hydrogen line (see
e.g., Wouthuysen 1952; McKee & Ostriker 1977; Lazar-
ian & Pogosyan 2000; Liszt 2001; Furlanetto et al. 2006);
however, most of such processes are also likely to in-
crease the thermal energy or kinematic activity of hy-
drogen within the interstellar medium, thus broadening
the HI line beyond the observed 10 kHz range. More-
over, an increase in spontaneous emission will hardly
drive the large surge in brightness able to explain the
observed flux in the Wow! Signal (see next section).

Before assessing the astrophysical mechanisms that
can explain the peculiar characteristics of the Wow! Sig-
nal, we need first to constrain some of the properties of
the hypothetical source. For this purpose, we will as-
sume, as suggested by our data, that the source of the
signal was a small HI cloud in the cold neutral medium
(CNM).

6.1. Astrophysical Properties of the Wow! Signal

If we assume that the Wow! Signal was produced by
some unknown astrophysical mechanism involving HI
clouds, we need to fulfill several conditions in order
to explain some of their characteristics. A signal com-
ing from a cloud with kinetic temperature Tk will have
Doppler broadening (Rybicki & Lightman 1991):

[8kpTk In 2
AvpwHM = 4377;2{2 V10 (1)

where kp is the Boltzmann constant, m is the average
mass of the gas particles, and 19 = 1420.406 MHz is
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Table 5. Observed properties of the small neutral hydrogen clouds, labeled A, B, C, and D, in the field
vicinity of Teegarden’s Star. These clouds have a kinetic temperature lower than 97 K. Their linear and circular
polarization is less than 10% and 3% (30), respectively. Cloud A is not well constrained and the presented

values are upper limits.

Cloud RA v (MHz) v (km/s) S, (mJy) LPol (%) Tp (K) 6 (arcmin) Ngy (cm_2)
A 02h 59m 18s 1420.382 +5.1 <2077 £ 242 <214 <52 <60.3 <2.02x10%°
B 02h 55m 19s  1420.402 +0.9 387 + 24 5.4 9 11.6 3.77x10%°
C 02h 52m 04s  1420.412 -1.3 501 + 28 7.0 12 12.3 4.88x10"°
D 02h 49m 16s  1420.432 -5.5 526 + 26 9.9 13 15.7 5.13x10%°

NoTE—AII clouds share the same +16d 53m 00.9s declination.

the frequency of the photon emitted after the transition
between the two hyperfine states of the ground hydro-
gen atom, i.e., the 21-cm hydrogen line. In order to
have an emission with Avwew: < 10 kHz, the kinetic
temperature should not be greater than:

me? [ Avwow!
81n 2]{:3

TK < TWOW! =

2
1o > 97K. (2)
This temperature threshold is not larger than the ki-
netic temperature of diffuse clouds in the interstellar
medium (ISM) (Cox 2005), which are precisely the pro-
posed sources of the signal.

According to Ohio SETI data, the signal had an al-
most constant intensity for at least 72 seconds (Ehman
2010). Since the detector stayed at the same declination
for almost 60 days and no signal with comparable inten-
sity was detected 24 hours later, we know that the dura-
tion of the signal was not greater than 24 h ~ 8.6 x 10*
s, at least after signal detection. This is consistent with
the recent search for repetitions that ruled out a max-
imum duration of 40 hours (Gray & Ellingsen 2002b;
Kipping & Gray 2022).

On the other hand, the Wow! Signal was detected at a
frequency of v = 1420.4556 MHz (Harp et al. 2020), very
close to the central hyperfine transition frequency vq.
This corresponds to a relative velocity of only 10.5 km/s.
This fact has been used repeatedly as an argument in
favor of an astrophysical origin of the signal. However,
given the low galactic longitude, namely [ = 11.7°, a low
radial velocity will not be rare among nearby sources. A
first-order estimation to the distance of a galactic source
having a given radial velocity with respect to the Sun,
can be obtained from the Oort’s constants and other
galactic parameters using (Wang et al. 2021):

V, = d(K 4 Asin 2l + C cos 2l) cos® b (3)

where A = 16.31+ 0.89 km s~ ‘kpc !, B = —11.99 +
0.79 km s kpe ™!, €' = —3.10+0.48 km s~ 'kpc ™!, and

K = —1.25+1.04 km s 'kpc ™" are the Oort constants
corresponding to a non-axisymmetric disk. Since we
know that v, wow! < 10 km/s, we estimate, from pure
kinematical arguments, that the maximum distance to
the source should be dwow! < 4.9 £+ 1.8 kpc, where the
error in the distance comes from uncertainties in the
Oort constants. In fact, a minimum value of 2 kpc is
compatible with a radial velocity of 10 km/s.

A further and tighter constraint on the distance, can
be obtained from the vertical scale height of the HI dis-
tribution. Using data from the Leiden-Argentine-Bonn
survey Kalberla & Kerp (2009) estimated typical scale
heights at the solar distance, between 150 pc and 400 pc
for the cold and warm components of the diffuse neutral
ISM. This implies that at the galactic latitude of the
Wow! Signal, b = —18.9°, the maximum distance of an
ISM filament will be between 0.5 and 1.2 kpc. These
values are compatible with the kinematical constraint.
However, the lower value of the distance, namely 0.5 kpc,
would imply relative radial velocities of a maximum of
3 km/s.

If the Wow! Signal was produced in the diffuse cold
ISM, it must be a relatively local phenomenon. Either
it is relatively high above the mean galactic disk, or it
is close by but has a peculiar radial velocity of around
7 km/s as compared to its stellar environment.

Using the previous constraint on the distance, we
can now estimate the isotropic luminosity of the sig-
nal. The total intensity recorded by Ohio SETI was
in the range of 54 — 212 Jy (Table 1). Using three
characteristic distances of 0.5, 1.2 and 4.8 kpc, and
assuming the lower more conservative value of 54 Jy,
the total isotropic luminosity of the signal could be
Liso = 4.2 x 1078,2.4 x 10~7 and 3.9 x 1076 Lg, re-
spectively.

In summary, according to our observational evidence,
as well as previous constraints, the astrophysical process
able to explain the Wow! Signal should have the follow-



ing key properties: 1) it must be narrowband, 2) tran-
sient, with a duration of the order of minutes to hours;
and 3) relatively luminous, with maximum isotropic lu-
minosities of the order of 1078 — 1076 L.

6.2. Superradiance

The most suitable astrophysical mechanism capable of
producing intense narrowband emission, at short time
scales, is the so-called superradiance, hereafter SR. This
is the generic name of a process in which the emission
of radiation from an optically thin source depends non-
linearly on the density of the emitting medium (Rajabi
& Houde 2016).

There are two types of astrophysical SR. There is
spontaneous superradiance (SSR), which is produced
when molecules or atoms in a medium are pumped into
excited meta-stable states, a process called population
inversion; the pumping is achieved by incoming radia-
tion, shocks, and/or collisions. With the proper stim-
uli and environmental conditions, e.g., coherent gas mo-
tions, large column densities, among others, stimulated
emission of radiation can exponentially induce the emis-
sion of radiation from the medium, attaining some de-
gree of spatial coherence (beaming), narrowband emis-
sion, and relatively large luminosities. Spontaneous SR
is complementary to astrophysical masers, leading to in-
tense radiation bursts in maser-hosting regions.

On the other hand, we have coherent SR, also known
as Dicke’s superradiance (DSR) after the seminal work
of Dicke (1954). In DSR, tightly packed atoms in a
populated inversion state would radiate coherently, as
opposed to spontaneously, due to the connection among
their states induced by their common electromagnetic
field. In the following sections, we discuss the require-
ments for an SSR and DSR phenomenon to occur.

6.3. SSR: The Wow! Signal as a Maser Flare

Astronomical hydrogen masers are rare. The first
one was discovered in 1989 around the star MW(C349
(Martin-Pintado et al. 1989). Its emission exhibited
characteristics similar to those of a molecular maser
source. It was highly luminous and fluctuated over time,
because of its sensitivity to alterations in the intricate
excitation processes. However, hydrogen masers operat-
ing at the HI line frequency have yet to be detected in
astronomical observations, though they have been pro-
duced in laboratory settings (Major & Major 2007). In
fact, human-made hydrogen masers are used for time-
keeping in astronomical observatories (Gray 2012a).

The first serious proponents of the existence of HI
masers were the Russian astrophysicists [.S. Shklovskii
and D.A. Varshalovich in 1967. They intended to intro-
duce the maser action in the 21-cm line to explain the
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discrepancy between the observed ISM neutral hydro-
gen density and the rate of accretion in the galactic disk
(Storer & Sciama 1968). Although the aforementioned
discrepancy was solved by other astrophysical processes,
the basic H1 pumping mechanism devised by the Rus-
sian pioneers remains the most suitable way to produce
population inversion in a neutral hydrogen region.

The pumping mechanism devised by Shklovskii and
Varshalovich involves the absorption of Lyman « pho-
tons from nearby HII regions (see Figure 1 in Storer
& Sciama 1968 and the detailed explanation there in).
Consequently, if an HI region is subject to a sudden
increase in Lya photons, the conditions for the maser
action could arise.

The maser action exponentially amplifies the inten-
sity of the incoming radiation I, (0), when it traverses a
plane-parallel medium having a spatial thickness L ac-
cording to (Gray 2012b):

I,(z) = I,(0) exp(y, L). (4)
Here, 7, is the so-called gain factor. At the center of the
21 cm line, the gain factor is (Storer & Sciama 1968):

__ 3 L) f
- R2mvd,Av 100 cm—3
(5)

where A9 = 2.85 x 10715 s~1 is the Einstein A coeffi-
cient, which gives us the probability of the 1 — 0 tran-
sition, ny is the neutral hydrogen density and Av ~ 10
kHz is the Doppler broadening. The factor f is called
the degree of inversion, and it is given by:

pogm (e 081X 1072K
 gino P kpTs - T,

where Ty is called the spin temperature (Field 1958).

If the medium is irradiated with a pumping (Ly«) pho-
ton field, number density n, dv, the spin temperature
will be given by (Storer & Sciama 1968):

~ 6.81 x 102K n(v)

Yo CzAloTLHf = 3.8 X 10714 (

T, ~ (7)

V10 dn(l/)/dl/
and hence the degree of inversion will be:
_ dn(v)/dv
= VlOW (8)

Storer & Sciama (1968) showed that the maser action
when the radiation field is such that:

dn,
dv
With these equations at hand, we can evaluate, under

a given circumstance, whether a region of the ISM will
produce a 21-cm maser, i.e., if ygL > 1.

> 2 x 1072% photons Hz 2 m~3. 9)
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In the original mechanism proposed by Shklovskii,
Varshalovich, Storer, and Sciama, the source of Ly«
photons is a nearby HII region. In fact, the condi-
tions for population inversion and therefore 21-cm maser
emission were identified in the Orion’s Veil (Abel et al.
2006). However, in the case of the Wow! Signal, none of
the Hir regions, such as Sagittarius A (Sgr A) or Sagit-
tarius B2 (Sgr B2), are known in the sky near the signal
location. Other sources of Lya photons should be found.

In particular, if an intense event occurs in the vicinity
of the cloud, producing continuous radiation, we can es-
timate the amount of the right photons arriving at the
cloud. Let us assume that the high-energy event pro-
duces at the frequency of interest a black body spectra
with a brightness temperature Ty > hvpyq, from a char-
acteristic radius R and it is located at a distance d. The
photon number density will be:

(v,T) 82 1 R? 8 R?
ny(V, 1) = — — N =kl
c3 exp (kglﬁ) _qd? he3 d?
(10)
and hence:

dn,, 8w R?
v~ T )

Interestingly, in this case the degree of inversion will
depend only on the ratio of the 21-cm to the Ly« fre-

quency:
V10

f~ ~58x1077 (12)

Viya
which correspond to an almost total inversion of the
population.
Now we need to ask if the radiation field is strong
enough for the maser action. To ensure this, we need to
guarantee that:

dn, 8w R? _26
dy == @kBTbﬁ > 2 X 10 3 (13)

which can be more conveniently expressed as:

(1()?:?1{) (301;11)2 <O.1dpc>2 >1. (14)

We can see that only if the source has a very large bright-
ness temperature and is relatively close the inversion
condition is fulfilled. On the other hand, the gain factor

is:
ng L

L=27 15

o (4><105 cm3> (1 pc)’ (15)

which implies that in order to have a maser effect the
density of hydrogen should be 1000 times larger than in
the diffuse clouds and its extension should be of several

parsecs.
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Figure 4. Normalized intensity as a function of time for the
region in the example of the text.

6.4. DSR: The Wow! Signal as a Dicke’s

Superradiance Fvent

DSR arises when a coherent emission of radiation is
induced in a population-inverted medium. The mecha-
nism is physically analogous to stimulated superradiance
and similar to a maser, but the quantum mechanical
nature of the phenomenon, which involves the entan-
glement of many atoms connected by the electromag-
netic fields of their own radiation, give it some distinc-
tive properties particularly well suited for the purpose
of this work.

DSR was first predicted and described by Dicke
(1954). Since this seminal work, the phenomenon has
been extensively studied in the literature and more im-
portantly in the laboratory (for a complete review, see
Gross & Haroche 1982). In recent years, it has attracted
the attention of the astrophysical community (Rajabi &
Houde 2016; Houde et al. 2018; Rajabi & Houde 2020;
Houde et al. 2022). In what has also become a semi-
nal paper in the area Rajabi & Houde (2016), hereafter
RH2016, applied the DSR formalism to study the condi-
tions and properties of coherent superradiance in neutral
hydrogen sources. Here, we adapt some of their results
to the context of the Wow! Signal.

The most interesting aspect of DSR is the beaming
and time structure of the signal. In Figure 4 we plot the
normalized radiation intensity for one of the systems
studied in RH2016.

The DSR mechanism is particularly well suited for
inducing intense radiation emission along elongated,
pencil-like, or cylindrical structures. The system whose
superradiance is represented in Figure 4 corresponds
to a cylinder volume of Hi with a number density
ng = 10 cm™3, inversion factor n = 0.01 and hav-



ing a total length L = 2 x 10! m and a diameter
w=/A1oL/m =12 x 10° m.?

DSR emission is characterized by three time scales. In
all models the population-inverted system must build
some degree of correlation before producing superra-
diance. The time required for this accumulation pro-
cess is called the delay time tp. Once superradi-
ance is achieved, the total emission time is quanti-
fied by the characteristic time of superradiance Tp =
16775,/ (3nA2L), where n is the number density of in-
verted atoms and 7, is the spontaneous decay time. In
the example in Figure 4, Ty =~ 5 s. Finally, since the
cloud has a finite size, it will take a time 7g = L/c for
the radiation to propagate along its largest axis. The
finite-time propagation is partially responsible for the
ringing structure of the signal. In the example case con-
sidered here 7 = 11 min.

Observing the total time of the DSR emission from
the hypothetical region studied here, we can understand
how a signal lasting for a couple of minutes may arise
from a natural astrophysical phenomenon and then fade
render it undetectable even a few hours after its obser-
vation.

RH2016 has estimated that the integrated flux of the
DSR emission produced by the region in Figure 4 will be
as low as ~ 1072> W m~2 if located at a distance of 0.4
kpc, which is close to the lowest estimated distance for
the Wow! Signal (see subsection 6.1). Assuming that
this flux is uniformly emitted in a band as narrow as
that associated with its temperature, the corresponding
spectral flux density will be ~ 1 mJy. However, if, as it
was also suggested in RH2016, we have a large number of
superradiant small regions that erupt around the same
time, the observed spectral flux could be considerably
larger.

If we assume, for instance, that coherent DSR occurs
over a spot with a size D, the total spectral flux at a
observed from a distance dyy 1 Will be:

D\ /0.4kpe\?
Ipsr < 1 mlJy (w> ( pi P ) . (16)

In Figure 5 we plot the spectral flux density as a function
of spot size and distance. We verify that a DSR with
the properties assumed in RH2016 is able to explain not
only the duration but the observed flux of the Wow!
Signal. However, in all cases, the angular size of the

2 We scaled down the original result published in Rajabi & Houde
(2016) to a smaller emission region. As a result, the characteristic
time of the superradiance is increased by a factor of 5. This does
not affect the conditions required to have superradiance.
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Figure 5. Spectral density and spot angular size of a su-
perradiant region with the properties described in the text,
as a function of region size and distance. The intensity of
the Wow! Signal can be explained for a Hi cloud located at
around 0.5 kpc. If the source was much further, a DSR emit-
ting region as large as 50 AU will be required. In all cases
the size of the region will be hard to resolve.

spot is much smaller than the resolution of past and
even current detectors.

7. DISCUSSION

We postulate that the Wow! Signal was a superradi-
ance event that produced a maser-like flare from a small
cold Hi cloud (Figure 6). The trigger source was intense
enough in the radio spectrum to saturate or invert a
large fraction of the HI atoms out of equilibrium. Thus,
a magnetar flare could provide the required photon in-
tensity to trigger a narrowband superradiance event in
the HI line. However, we cannot rule out other sources
of radiation as long as they do not ionize or introduce
additional kinetic energy to the cloud.

Magnetars are neutron stars with extremely strong
magnetic fields. They have become increasingly recog-
nized for their role in explaining various astrophysical
transients. Young millisecond-period magnetars can re-
lease their spin-down energy to power bright phenom-
ena like Gamma-ray Bursts (GRBs), Super-Luminous
Supernovae (SLSNe), and fast X-ray transients such as
CDF-S XT-2 (Ai & Zhang 2021). Older magnetars are
known to produce diverse transients by expending their
magnetic energy, resulting in giant flares, soft gamma re-
peaters (SGRs) or hard X-ray bursts, and occasionally
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Observer

\ Galactic H1
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Figure 6. The proposed Wow! Signal emission source is a region of a cold HrI cloud at a distance ds that emits a superradiance
radio beam along a line of sight L and with a diameter D,. This event is triggered by a strong radiation source, at a distance
d from the cloud and dr from the observer. The trigger beam is not necessarily observed depending on its distance, size, and
separation angle 6. Since the superradiance event also takes a time to build up, the trigger beam if observed, always precedes

the superradiance event by seconds to hours.

fast radio bursts (FRBs). Some magnetar giant flares
have even been detected as short GRBs from nearby
galaxies (Zhang et al. 2022).

There are three plausible explanations for the lack of
detection of the triggering source, e.g., a magnetar flare,
and only the emission from the HI cloud being observed
by Ohio SETI. First, the source may be insufficiently
intense to be detected by the telescope but still adequate
for amplification. For example, the intensity received in
the HI cloud could be substantially higher if the source
is in proximity or within the cloud.

Second, despite the almost instantaneous nature of
stimulated emission, where the source’s broadband sig-
nal and the amplified emission in the HI line should
technically arrive simultaneously, there may be a tem-
poral delay attributed to processes of absorption and
re-emission. In scenarios involving a large population
of atoms, achieving maximum amplification requires a
short but finite time frame, such as DSR, potentially
resulting in a signal delay ranging from seconds to min-
utes.

Third, contrary to masers, the alignment of the trig-
ger and cloud beam do not have to be parallel. Thus,
the trigger beam is not necessarily visible from Earth,
depending on its size and orientation. For example, the-
oretical models suggest magnetar beams 2° to 6° wide,

but they might have a complex structure (van Putten
et al. 2016). However, we believe that the most favor-
able alignment is for the source and the cloud to be close
to the line of sight or far behind the cloud, i.e., with a
small angular separation in the sky.

Small cold Hi1 clouds are significant components of the
ISM, often serving as precursors to molecular clouds.
Recent studies reveal that these clouds can exhibit unex-
pectedly high column densities and complex structures,
challenging previous assumptions about their abundance
and characteristics. They can reach column densities of
>10%2 ¢cm™? in molecular clouds, with temperatures as
low as =10 K. This suggests that previous estimates of
cold H1 mass may be underestimated by a factor of 3 to
10 due to observational biases such as HI self-absorption
(HISA) (Grynkiewicz 2022).

Observations of the Riegel-Crutcher cloud revealed a
network of thin, elongated filaments of cold HI, with in-
dividual strands measuring up to 17 pc long and only 0.1
pc wide (McClure-Griffiths et al. 2007). This structure
supports theories of the Tiny Scale Atomic Structure
(TSAS) in the interstellar medium (Heiles 1997; Stan-
imirovi¢ et al. 2003). The Arecibo Telescope has been
instrumental in studying TSAS, with observations indi-
cating that although TSAS can be detected on scales



as small as 10 AU, they are relatively rare in the ISM
(Stanimirovi¢ et al. 2010).

It is interesting to note that the Ohio SETT identified
cold hydrogen clouds in the first months of its project
(Dixon & Cole 1977). The signals of these clouds were
analogous to the narrowband (then 20 kHz) signals pur-
sued during the initial phase of the project (eventu-
ally refined to 10 kHz). They were identified as small-
diameter cold hydrogen clouds because they were shown
to be continuum sources that exceeded the beamwidth.

Subsequently, observations with the Very Large Array
(VLA) uncovered many small unidentified continuum
sources within the Wow! Signal field that were below
the detection threshold of the Big Ear telescope (Gray
& Marvel 2001). All these sources were excluded as the
origin of the Wow! Signal due to the absence of a tran-
sient narrowband mechanism capable of increasing their
flux by two orders of magnitude.

The exact location of the Wow! Signal remains un-
known. The Big Ear radio telescope was characterized
by dual beamwidths, termed negative (first or West)
and positive (second or East) horns, each encompassing
many stellar objects. We believe that the most plausible
position of the source is within the second horn, owing
to its location with a higher and complex column den-
sity (Figure 3) and more potential sources in the VLA
data (Figure 2 of Gray & Marvel (2001)).

Furthermore, the attenuation of astrophysical signals
typically extends significantly longer relative to their
rise. Consequently, a signal initially observed in the first
horn was more likely to appear in the second horn af-
ter a lapse of three minutes, consistent with its decay.
Hence, a signal detected in the second horn represents
a more plausible scenario, further supported by the HI
column density and the VLA data.

Potential candidates for the precise location of the
Hr cloud region associated with the Wow! Signal could
be identified following additional observations. The
Hi1 lines of these candidates should have a bandwidth
<10 kHz, a 10 km/s blue shift relative to the HI line,
and a size of less than 8 arcminutes (i.e. the azimuth
beamwidth of the Big Ear), although the emission region
within the cloud could be much smaller.

We can also infer that the flux density of this Hi cloud
was below the detection limit of the Big Ear, but not
necessarily observable by current instruments. We be-
lieve that it was not a coincidence that the source of
the Wow! Signal exhibited a dynamic correlation with
the motion of the galactic Hi gas (Gray & Ellingsen
2002¢). This correlation also supports our hypothesis
that the signal was an astrophysical event associated
with Hi clouds.
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Investigating these HI clouds is more effectively done
using a large radio telescope with good spatial resolu-
tion, such as the VLA or China’s Five-hundred-meter
Aperture Spherical Telescope (FAST). Unfortunately,
the identification of the triggering source is more chal-
lenging, assuming, for example, that the event was at-
tributed to an unknown magnetar. Flaring events from
magnetars are infrequent and must be directly aligned
towards Earth for detection. For example, it is not pos-
sible to tell if the closest magnetars to the Wow! Signal
field, SGR 1806-20, SGR 1900414, or SGR J1745-2900
were responsible.

Persistent monitoring of cold HI clouds and similar re-
gions for wow signals may reveal recurrent events. How-
ever, these observations face intrinsic difficulties due to
the transient nature and rarity of the event, which may
explain the unique nature of the Wow! Signal to date.
Another option is to search for wow signals in archive
data. The Ohio SETI program is the longest-lasting
SETI program, spanning 22 years of continuous opera-
tion. Its extended survey may explain their fortuitous
detection of this event.

8. SUMMARY AND CONCLUSIONS

We observed from the Arecibo Observatory narrow-
band signals (Av < 10 kHz) similar to the Wow! Sig-
nal near the hydrogen line, though significantly weaker.
These signals are attributed to small cold Hr1 cloud re-
gions within the galactic ISM. We propose that the
Wow! Signal was caused by the abrupt brightening of
the hydrogen line of these clouds triggered by an in-
tense radiation source, such as a magnetar flare or a
soft gamma repeater (SGR).

The brightening of the cloud is similar to that from a
maser flare but short-lived, from seconds to minutes. As-
trophysical superradiance and masers involve coherent
radiation, but they differ fundamentally in their mech-
anisms. Superradiance tends to produce short, intense
bursts, whereas masers are associated with continuous
or pulsed emission and are more commonly observed in
various astrophysical environments. In particular, we
showed that Dicke’s supperradiance can explain the in-
tensity and duration of the signal. The Wow! Signal
might signify the first documented instance of an astro-
physical maser-like flare or supperradiance of the 21-cm
atomic hydrogen line.

Our hypothesis explains all the discernible attributes
of the Wow! Signal, namely its narrowband frequency,
duration, intensity, absence of modulation, and rarity.
However, it does not conclusively rule out the possibil-
ity that the signal may have originated from alternative
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sources, encompassing both artificial terrestrial or ex-
traterrestrial origins.

We advocate for a thorough examination of archival
data as well as new observational efforts to accurately
pinpoint the provenance of the signal or identify analo-
gous wow signals events. Since these HI clouds are easy
to recognize, it may be possible to determine the exact
location of the source of the Wow! Signal. Identifying
the trigger source, however, would prove challenging. It
may be close or behind the cloud location, or far in the
background.

These signals are likely to escape detection, not only
due to their scarcity and association with small Hi
clouds, but also because contemporary observational
strategies typically focus on broadband signals, pro-
longed integration times, or target much narrower signal
bandwidths. It was not until we engaged in the search
for 10 kHz narrowband signals, utilizing a drift (or map-
ping) mode, that the small HI clouds came to our atten-
tion as a possible source for the Wow! Signal.

Our study did not conclude that the Wow! Signal con-
stituted evidence of a signal emanating from an extrater-
restrial civilization. However, null results are instrumen-
tal in refining future technosignature searches. NASA
and other agencies remain committed to their search
for biosignatures within the atmospheres of potentially
habitable exoplanets (Schwieterman et al. 2018).

The next question after a positive biosignature de-
tection would be whether it is also associated with in-
telligent life. It would be unsatisfactory to claim ig-
norance due to the absence of interest on technosigna-
ture searches. Therefore, we also emphasize the need
for more sustained, long-term technosignature searches,
particularly near the hydrogen line. Prospective ex-
traterrestrial civilizations may similarly acknowledge the
scarcity of natural HI masers and could potentially ex-
ploit them to garner attention. However, it is plausible
that they also deem it rude to direct a maser toward
another entity.

Our findings highlight once again the importance of
reanalyzing historical datasets with different or more ad-
vanced methods, which could potentially uncover sub-
tleties missed in previous analyses. For example, fast ra-
dio bursts (FRBs) were discovered in archival data and
later confirmed by observations (Lorimer et al. 2007). In
our study, the replication of the observation and anal-
ysis methods used by Ohio SETI was the key to the
association with HI clouds.

Our Arecibo Wow! project will continue examining
the rest of our datasets, which consist of numerous hours

of observing stars with planets at frequencies ranging
from 1 to 10 GHz. We will expand our narrowband
search to incorporate artificially dispersed and modu-
lated wideband signals, among other techniques (Li et al.
2020). Subsequently, we will try to move the search to
over fifty decades of data (3 petabytes) from the Arecibo
Observatory, now archived and available to the scientific
community at the Texas Advanced Computing Center
(TACC). We also anticipate the dissemination of cali-
brated and reduced datasets of Arecibo Wow! to the
broader scientific community.

The Arecibo Observatory is currently a center for edu-
cation and research in science, technology, engineering,
and mathematics (STEM) known as the Arecibo C3.
Looking to the far future, the facility may potentially
resume its role in astronomical observations through ini-
tiatives such as the Next Generation Arecibo Telescope
(nGAT) or participation as a site for the Next Gener-
ation Very Large Array (ngVLA) (Anish Roshi et al.
2021; Wilner et al. 2024). In the near term, a reestab-
lishment of its 2.5 to 14 GHz 12-meter telescope should
provide new opportunities for astronomical research and
education (Roshi et al. 2024).

ACKNOWLEDGMENTS

We extend our gratitude to former staff members of
the Arecibo Observatory, Tapasi Ghosh and Christo-
pher Salter, for helping us with our observation pro-
tocols and for their valuable comments and suggestions.
We are grateful to Anish Roshi Damodaran (UCF) for
his assistance with data calibration and comments. We
thank Bob Dixon (formerly Big Ear staff), Robert F.
Minchin (NRAO), Jean-Luc Margot (UCLA), Joshua
Peek (APL), and Joel Weisberg (Carleton College) for
valuable comments on the manuscript.

We also thank the computational resources provided
by the High Performance Computing Facility (HPCY)
of the University of Puerto Rico (UPR), Juan Padilla
(SoftwareOne), Amazon Web Services (AWS), and all
the people who contributed to save our Arecibo Obser-
vatory data. Finally, we thank Edgard Rivera-Valentin
(JHU-APL) for encouraging us to use the Arecibo Ob-
servatory because it was easy to use; not true, but too
late for that.

Facility: Arecibo Observatory, Big Ear

Software: The Arecibo Observatory Software Li-
brary, IDLAstro, Astropy (Astropy Collaboration et al.
2013, 2018, 2022), Aladin Sky Atlas.



17

REFERENCES

Abel, N. P, Ferland, G. J., O'Dell, C., Shaw, G., &
Troland, T. H. 2006, The Astrophysical Journal, 644, 344

Ai, S., & Zhang, B. 2021, ApJL, 915, L11,
doi: 10.3847/2041-8213/ac097d

Airapetian, V. S., Barnes, R., Cohen, O., et al. 2020,
International Journal of Astrobiology, 19, 136,
doi: 10.1017/S1473550419000132

Anish Roshi, D., Aponte, N., Araya, E., et al. 2021, arXiv
e-prints, arXiv:2103.01367,
doi: 10.48550/arXiv.2103.01367

Astropy Collaboration, Robitaille, T. P., Tollerud, E. J.,
et al. 2013, A&A, 558, A33,
doi: 10.1051/0004-6361,/201322068

Astropy Collaboration, Price-Whelan, A. M., Sip6cz, B. M.,
et al. 2018, AJ, 156, 123, doi: 10.3847/1538-3881 /aabc4f

Astropy Collaboration, Price-Whelan, A. M., Lim, P. L.,
et al. 2022, ApJ, 935, 167, doi: 10.3847/1538-4357 /acTcT4

Backus, P. R., Bowyer, S., & Werthimer, D. 2004, in
Progress in the Search for Extraterrestrial Life, ed. G. H.
Lemarchand & K. Meech (San Francisco, CA: ASP),
111-115

Bochenek, C. D., Ravi, V., Belov, K. V., et al. 2020,
Nature, 587, 59, doi: 10.1038/s41586-020-2872-x

Brzycki, B., Siemion, A. P. V., de Pater, 1., et al. 2023, The
Astrophysical Journal, 952, 46,
doi: 10.3847/1538-4357 /acdee0

Chennamangalam, J., MacMahon, D., Cobb, J., et al. 2017,
ApJS, 228, 21, doi: 10.3847/1538-4365/228,/2/21

Cordes, J. M., Lazio, J. W., & Sagan, C. 1997, The
Astrophysical Journal, 487, 782, doi: 10.1086/304620

Cordes, J. M., & Lazio, T. J. 1991, The Astrophysical
Journal, 376, 123, doi: 10.1086/170261

Cox, D. P. 2005, Annu. Rev. Astron. Astrophys., 43, 337

Dick, S. J. 1993, SSRv, 64, 93, doi: 10.1007/BF00819659

Dicke, R. H. 1954, Physical review, 93, 99

Dixon, R. S. 1985, in IAU Symposium, Vol. 112, The
Search for Extraterrestrial Life: Recent Developments,
ed. M. D. Papagiannis, 305-314

Dixon, R. S., & Cole, D. M. 1977, Icarus, 30, 267,
doi: 10.1016,/0019-1035(77)90158-0

Drake, F. D. 1961, Physics Today, 14, 40,
doi: 10.1063/1.3057500

Drake, F. D., & Sagan, C. 1973, Nature, 245, 257

Drake, F. D., & Sagan, C. 1973, Nature, 245, 257,
doi: 10.1038/245257a0

Ehman, J. 2010, Big Ear Radio Observatory. Available
online at http://www.bigear.org/Wow30th/wow30th.htm

Ehman, J. R. 2011a, in Searching for Extraterrestrial
Intelligence (Berlin, Heidelberg: Springer Berlin
Heidelberg), 47-63, doi: 10.1007/978-3-642-13196-7_4

—. 2011b, Searching for Extraterrestrial Intelligence, 47

Ehman, J. R., Dixon, R. S., & Kraus, J. D. 1970, AJ, 75,
351, doi: 10.1086/110985

Field, G. B. 1958, Proceedings of the IRE, 46, 240

Furlanetto, S. R., Oh, S. P., & Briggs, F. H. 2006, Physics
reports, 433, 181

Gray, M. 2012a, Maser Sources in Astrophysics, 1st edn.
(Cambridge University Press),
doi: 10.1017/CBO9780511977534

—. 2012b, Maser Sources in Astrophysics, Vol. 50
(Cambridge University Press)

Gray, R. H. 2021, Journal of Astronomical History and
Heritage, 24, 981

Gray, R. H., & Ellingsen, S. 2002a, The Astrophysical
Journal, 578, 967

—. 2002b, The Astrophysical Journal, 578, 967

—. 2002¢, The Astrophysical Journal, 578, 967,
doi: 10.1086/342646

Gray, R. H., & Marvel, K. B. 2001, The Astrophysical
Journal, 546, 1171, doi: 10.1086,/318272

Gross, M., & Haroche, S. 1982, Physics reports, 93, 301

Grynkiewicz, D. J. 2022, Monthly Notices of the Royal
Astronomical Society, 512, 4765,
doi: 10.1093/mnras/stac607

Harp, G., Gray, R., Richards, J., Shostak, G., & Tarter, J.
2020, The Astronomical Journal, 160, 162

Harp, G. R., Gray, R. H., Richards, J., Shostak, G. S., &
Tarter, J. C. 2020, AJ, 160, 162,
doi: 10.3847/1538-3881/aba58f

Heiles, C. 1997, The Astrophysical Journal, 481, 193

HI4PI Collaboration, Ben Bekhti, N., Floer, L., et al. 2016,
A&A, 594, A116, doi: 10.1051/0004-6361/201629178

Houde, M., Mathews, A., & Rajabi, F. 2018, Monthly
Notices of the Royal Astronomical Society, 475, 514

Houde, M., Rajabi, F., MacLeod, G. C., et al. 2022,
Proceedings of the International Astronomical Union, 18,
399

Huston, M., & Wright, J. 2022, Acta Astronautica, 199,
166, doi: 10.1016/j.actaastro.2022.06.007

Kalberla, P. M., & Kerp, J. 2009, Annual review of
astronomy and Astrophysics, 47, 27

Kipping, D., & Gray, R. 2022, Monthly Notices of the
Royal Astronomical Society, 515, 1122

Korpela, E., Werthimer, D., Anderson, D., Cobb, J., &
Leboisky, M. 2001, Computing in Science and
Engineering, 3, 78, doi: 10.1109/5992.895191



18

Kraus, J. D., Dixon, R. S., & Ehman, J. R. 1979, The
Astrophysical Journal, 234, 1.69

Lazarian, A., & Pogosyan, D. 2000, The Astrophysical
Journal, 537, 720

Li, D., Gajjar, V., Wang, P., et al. 2020, Research in
Astronomy and Astrophysics, 20, 078,
doi: 10.1088/1674-4527/20/5/78

Liszt, H. 2001, Astronomy & Astrophysics, 371, 698

Lorimer, D. R., Bailes, M., McLaughlin, M. A., Narkevic,
D. J., & Crawford, F. 2007, Science, 318, 777,
doi: 10.1126/science.1147532

Major, F., & Major, F. 2007, The Quantum Beat:
Principles and Applications of Atomic Clocks, 209

Margot, J.-L., Li, M. G., Pinchuk, P., et al. 2023, AJ, 166,
206, doi: 10.3847/1538-3881 /acfdad

Martin-Pintado, J., Bachiller, R., Thum, C., & Walmsley,
M. 1989, A&A, 215, L13

McClure-Griffiths, N. M., Dickey, J. M., Gaensler, B. M.,
Green, A. J., & Haverkorn, M. 2007, in Astronomical
Society of the Pacific Conference Series, Vol. 365, SINS -
Small Ionized and Neutral Structures in the Diffuse
Interstellar Medium, ed. M. Haverkorn & W. M. Goss, 65

McKee, C. F., & Ostriker, J. P. 1977, Astrophysical
Journal, Part 1, vol. 218, Nov. 15, 1977, p. 148-169., 218,
148

Peek, J. E. G., Babler, B. L., Zheng, Y., et al. 2018, ApJS,
234, 2, doi: 10.3847/1538-4365/aa91d3

Perez, K. 1., Farah, W., Sheikh, S. Z., et al. 2022, Research
Notes of the AAS, 6, 197

PHL. 2024, https://phl.upr.edu/hwc

Rajabi, F., & Houde, M. 2016, The Astrophysical Journal,
826, 216

—. 2020, Monthly Notices of the Royal Astronomical
Society, 494, 5194

Roshi, D. A.| Perillat, P., Fernandez, F., et al. 2024, Radio
Science, 59, €2023RS007839, doi: 10.1029/2023RS007839

Route, M., & Wolszczan, A. 2012, ApJL, 747, L22,
doi: 10.1088,/2041-8205/747/2/1.22

Rybicki, G. B., & Lightman, A. P. 1991, Radiative
processes in astrophysics (John Wiley & Sons)

Sagan, C., & Drake, F. 1975, Scientific American, 232, 80,
doi: 10.1038/scientificamerican0575-80

Salter, C. 2012, https://naic.nrao.edu/arecibo/

Schwieterman, E. W., Kiang, N. Y., Parenteau, M. N., et al.
2018, Astrobiology, 18, 663, doi: 10.1089/ast.2017.1729

Sheaffer, R. 1975, Spaceflight, 17, 421

Shostak, S. 1993, Spaceflight, 35, 116

Shostak, S. 2003, Confessions of an Alien Hunter: A
Scientist’s Search for Extraterrestrial Intelligence
(Washington, D.C.: National Geographic)

Staff at the National Astronomy, & Ionosphere Center.
1975, Icarus, 26, 462, doi: 10.1016/0019-1035(75)90116-5

Stanimirovié, S., Weisberg, J. M., Hedden, A., Devine,
K. E., & Green, J. T. 2003, ApJL, 598, .23,
doi: 10.1086/380580

Stanimirovié, S., Weisberg, J. M., Pei, Z., Tuttle, K., &
Green, J. T. 2010, ApJ, 720, 415,
doi: 10.1088/0004-637X/720/1/415

Storer, S., & Sciama, D. 1968, Nature, 217, 1237

Tarter, J. 2001, Annual Review of Astronomy and
Astrophysics, 39, 511

—. 2010, Philosophical Transactions of the Royal Society
A: Mathematical, Physical and Engineering Sciences,
368, 3661

Turnbull, M. C., & Tarter, J. C. 2003, ApJS, 145, 181,
doi: 10.1086/345779

van Putten, T., Watts, A. L., Baring, M. G., & Wijers,
R. A. M. J. 2016, MNRAS, 461, 877,
doi: 10.1093/mnras/stw1279

Vedantham, H. K., Callingham, J. R., Shimwell, T. W.,
et al. 2020, Nature Astronomy, 4, 577,
doi: 10.1038/s41550-020-1011-9

Wang, F., Zhang, H., Huang, Y., et al. 2021, Monthly
Notices of the Royal Astronomical Society, 504, 199

Werthimer, D., Anderson, D., & Bowyer, S. 2001, in
Proceedings of the SPIE, Vol. 4273, 104-108

Werthimer, D., Brady, R., Berezin, A., & Bowyer, S. 1988,
Acta Astronautica, 17, 123,
doi: 10.1016/0094-5765(88)90135-X

Wilner, D. J., Matthews, B. C., McGuire, B., et al. 2024,
arXiv e-prints, arXiv:2408.14497,
doi: 10.48550/arXiv.2408.14497

Wouthuysen, S. 1952, The Astronomical Journal, 57, 31

Wright, J. T. 2021, Acta Astronautica, 188, 203

Wright, J. T. 2022, Acta Astronautica, 190, 24,
doi: 10.1016/j.actaastro.2021.09.024

Yiu, T. W. H., Vedantham, H. K., Callingham, J. R., &
Giinther, M. N. 2024, A&A, 684, A3,
doi: 10.1051/0004-6361/202347657

Zhang, B. B., Zhang, Z. J., Zou, J. H., et al. 2022, arXiv
e-prints, arXiv:2205.07670,
doi: 10.48550/arXiv.2205.07670



2408.08513v2 [astro-ph.HE] 11 Sep 2024

arXiv

DRAFT VERSION SEPTEMBER 12, 2024
Typeset using IATEX default style in AASTeX631

Supplementary Tables and Figures
Arecibo Wow! I: An Astrophysical Explanation for the Wow! Signal
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Figure S1. HI4PI hydrogen column density between -10 and +10 km/s near all observed fields (figures a to g) compared to
the Wow! Signal field (figure h). The scan strip of our observations and the average density are shown as in the middle of the
plot (white box and text). The Wow! Signal figure shows the beamsize of the two horns used by the Big Ear. It is not clear
in which of these horns the signal was detected. Note that the colorbar is not on the same scale in each plot to highlight the
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1. INTRODUCTION

This material provides additional tables or figures to enhance and support the Arecibo Wow! observations.
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Table S1. Observation dates and scans of targets in drift mode and in the L-band. These and
other targets were also observed in other modes, including calibrators. The date (AST) and scan
ID columns are provided to facilitate the identification of the Arecibo FITS files with these data
sets. These observations are part of the Arecibo Observatory project A3123.

Date (AST) Date (MJD) RA (deg) DEC (deg) Target Scan ID  Time (min)

20200210 58889.960405 43.1284 16.8811 Teegarden 52 1

20200225 58904.852072 42.7526 16.8806 Teegarden 18 4
58904.886898 42.0009 16.8797 Teegarden 33 10
58904.895660 45.1845 16.4455 B0300+162 36
58904.901667 42.6273 16.8805 Teegarden 39
58904.914306 44.3753 16.9992 Void 52
58904.920046 42.6290 16.8805 Teegarden 55

20200430 58969.297257  269.3267 4.6936 Barnard 18
58969.298576  269.3267 4.6936 Barnard 21
58969.299896  269.3267 4.6936 Barnard 24

58969.361435  293.6067 21.8969 SGR1935+4-2154 62
58969.362789  293.6067 21.8969 SGR1935+4-2154 65

20200506 58975.263692  269.5042 13.4759 B1756+134 6
58975.270880  261.3131 2.1117 HD157881 13
58975.279387  269.3267 4.6936 Barnard 24

58975.344491  293.6067 21.8969 SGR1935+2154 60
58975.349734  293.6067 21.9219 SGR1935+2154 67
58975.351389  293.6067 21.8969 SGR1935+2154 70
58975.352697  293.6067 21.9219 SGR1935+2154 73
58975.354005  293.6068 21.9469 SGR1935+2154 76

20200513 58982.307755  269.3268 4.5769 Barnard 37
58982.309086  269.3269 4.6061 Barnard 40
58982.310417  269.3270 4.6353 Barnard 43
58982.311748  269.3270 4.6644 Barnard 46
58982.313067  269.3271 4.6936 Barnard 49
58982.314398  269.3271 4.7228 Barnard 52
58982.315718  269.3272 4.7519 Barnard 55
58982.317037  269.3272 4.7811 Barnard 58

58982.322338  293.6068 21.7803 SGR1935+4-2154 61
58982.323646  293.6068 21.8094 SGR1935+42154 64
58982.324954  293.6069 21.8386 SGR1935+4-2154 67
58982.326262  293.6070 21.8678 SGR1935+42154 70
58982.327569  293.6070 21.8969 SGR1935+42154 73
58982.328877  293.6071 21.9261 SGR1935+4-2154 76
58982.330185  293.6071 21.9553 SGR1935+4-2154 79
58982.331493  293.6072 21.9844 SGR1935+4-2154 82
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Teegarden's Star Bamard's Star HD 157881 SGR 193542154
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(a) Teegarden’s Star. (b) Barnard’s Star. (c) HD 157881. (d) SGR 1935+-2154.
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(e) 3C 76.1 (B0300+162). (f) 3C 365 (B1756+134). (g) Void.

Figure S2. GALFA hydrogen column density between -10 and +10 km/s near all observed fields (figures a to g). The scan
strip of our observations and the average density are shown as in the middle of the plot (white box and text). Note that the
colorbar is not on the same scale in each plot to highlight the relative column density. Data from ?7?.



Teegarden DRIFT ON Scan 033 Box 2 @ 1420.382 MHz

Teegarden DRIFT ON Scan 033 Box 2 @ 1420.402 MHz.
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(a) Cloud A. (b) Cloud B.

P Teegarden DRIFT ON Scan 033 Box 2 @ 1420.412 MHz

Teegarden DRIFT ON Scan 033 Box 2 @ 1420.432 MHz
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(c) Cloud C. (d) Cloud D.

Figure S3. Clouds profiles. Red lines show a fitted Gaussian function used to get their properties.



