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Abstract

We present the first search for pulsed CH maser emission potentially stimulated by PSR J1644-4559, conducted
using the ultra-wide-bandwidth low-frequency receiver on Murriyang, CSIRO's Parkes Radio Telescope.
Observations targeted three CH A-doublet transitions at 3264, 3335, and 3349 MHz, with a variability timescale of
78 ms. We detected ten CH emission features at 3335 and 3349 MHz, and seven features at 3264 MHz, during both
pulsar-ON and pulsar-OFF phases. The observed velocities align with the OH emission and absorption reported by
a previous study, suggesting a close spatial association between CH and OH molecules. The derived column
densities for CH clouds within the Parkes beam range from 0.05 to 9.8 x 10" cm ™2, indicating that these clouds
are likely in diffuse and translucent states. Upper limits for CH column densities within the pulsar beam ranged
from 0.3 to 9.8 x 10" cm 2 Comparison of these column densities suggests that CH clouds may exhibit
clumpiness and substructure. No significant stimulated emission feature was detected in the optical depth spectra.
Additionally, as part of our search for pulsed stimulated emission, we investigated the potential CH absorption of
the pulsar signal and found none, in agreement with astrophysical expectations. The upper limits for the potential
maser amplification factors towards PSR J1644-4559 at 3264, 3335, and 3349 MHz are 1.014, 1.009, and 1.009,
respectively. This study demonstrates the feasibility of detecting pulsed CH maser emission in the interstellar

medium stimulated by pulsar photons.

Key words: ISM: molecules — (stars:) pulsars: general —

1. Introduction

The only reported instance of natural, fast-switching
stimulated emission was observed toward PSR J1644-4559
(also known as B1641-45) in the hydroxyl radical (OH)
1720 MHz transition (Weisberg et al. 2005). Utilizing gated-
mode observations at Murriyang, CSIRO's Parkes Radio
Telescope, the pulsar data were binned every 14 ms to produce
pulsar-ON and pulsar-OFF spectra. For the 455 ms period of
J1644-4559, this time resolution corresponds to 1/32 of the full
phase. Since the flux change appeared instantaneous at this
time interval, Weisberg et al. (2005) claimed such pulsar-
stimulated emission to be the shortest fluctuation observed in
any interstellar masers.

PSR J1644-4559 is the only source, out of a sample of 18
pulsars chosen by Weisberg et al. (2005) for OH absorption
studies, to exhibit pulsar-stimulated emission; demonstrating
the uncommon nature of this phenomenon. The Parkes OH
spectra of J1644-4559 are complex, exhibiting a mix of

masers

absorption, emission (stimulated and not), and conjugate
relations between OH transitions. The richness of interstellar
medium (ISM) structures and conditions within the telescope
beam presents both challenges and incentives for further
investigation of this intriguing phenomenon. The pulsar-OFF
spectrum samples material within the entire telescope beam,
while the pulsar-ON spectrum probes a pencil-beam volume
through the ISM; thereby providing a natural differential tracer
of millisecond timescale variability of spectral lines.

The A-doubling transitions of CH around 3.3 GHz are
similar in many ways to those of OH in the L-band, as shown in
Figure 1. The A-doubling energy levels lie in 3.3 GHz bands
with modest A-coefficients, while the rotational transitions lie
in the submillimeter to far-infrared bands. Such configurations
can lead to an excess population in the upper levels of the
A-doubling transitions, resulting in phenomena like masers
(Elitzur 1992). In fact, the ground-state transitions of CH tend
to be anomalously excited (Turner 1988; Jacob et al. 2021;
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Figure 1. OH (left) and CH (right) energy level diagrams adapted from Xu et al. (2016) and Xu & Li (2016) (not shown to scale). The observed OH transitions from
Weisberg et al. (2005) correspond to the *II5 /2, J = 3/2 ground state, while the CH transitions in this work correspond to the 11, 2, J = 1/2 ground state.

Tang et al. 2021; Jacob 2023). While H1 has been studied in
absorption toward pulsars for decades (e.g., Weisberg et al.
1979; Clifton et al. 1988; Frail et al. 1994; Johnston et al. 2003;
Stanimirovi¢ et al. 2010; Liu et al. 2021), OH has only been
clearly detected toward three pulsars out of about 30 targets
searched (B1849+00: Stanimirovi¢ et al. 2003; B1641—45:
Weisberg et al. 2005; B1718—35: Minter 2008). Currently, no
study has ever tried to search for CH absorption or emission
toward pulsars. Astrochemically, both OH and CH are simple
hydrides expected to be abundant in regions of intermediate
extinction, where molecular hydrogen has formed but there is
insufficient shielding for CO to reach stable abundance. Several
studies have demonstrated that OH and CH both trace the so-
called “dark molecular gas” (DMG) effectively and correlate
well with each other (Xu & Li 2016; Xu et al. 2016; Li et al.
2018; Tang et al. 2021). Therefore, it is natural to expect
stimulated amplification of pulsar radiation through both OH
and CH transitions along the same sightlines.

Murriyang, CSIRO's Parkes Radio Telescope, equipped with
the ultra-wide-bandwidth low-frequency receiver (UWL),
enables simultaneous recording of three CH 3.3 GHz transi-
tions (Hobbs et al. 2020). As Liu et al. (2021) demonstrated the
capability of generating pulsar pulse-phase-resolved H I spectra
using the UWL, it is straightforward to extend this technique to
search for CH maser emission and to then investigate its
variability on millisecond timescales toward PSR J1644-4559.
In this work, we present the first search for pulsar absorption
and pulsed CH maser emission stimulated by PSR J1644-4559,
achieving high sensitivity with the Parkes UWL.

2. Observations and Data Reduction

Observations of the hyperfine structure lines between the A-
doublet of CH in the °II, /2, J = 1/2 state toward PSR J1644-
4559 were conducted from 2022 February to 2023 April using
the UWL on Murriyang, CSIRO's Parkes Radio Telescope. The
total integration time for each of the three A-doubling
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transitions of CH in the 2H1 o J =1 /2 state, at the rest
frequencies of 3335.481 (main line F = 1-1), 3263.794 (lower
satellite line F = 0-1), and 3349.193 MHz (upper satellite line
F = 1-0), is ~71 hr. Similar to Liu et al. (2021), the data were
recorded in baseband mode across the entire subband 20 with
frequency coverage from 3264 to 3392 MHz, allowing simulta-
neous detection of the three CH transitions at 3264, 3335, and
3349 MHz. The velocity at the 3264 MHz band edge, relative to
the rest frequency of 3263.794 MHz, is ~—189kms '
Considering the projected velocity of the telescope with respect
to the local standard of rest (LSR), it is still capable of detecting
spectral components with LSR velocities more negative than
—30kms ', Since the OH absorption and emission observed
toward PSR J1644-4559 are concentrated at velocities below
—30km sfl, we are able to detect these clouds in the CH
3263.794 MHz transition at subband 20. A calibrator source
(CAL) was injected while pointing ~1° away from the pulsar
position (R.A. = 16"44™49:2, decl. = —45°59'09”7) after each
hour of integration to perform flux calibration.

The pulsar baseband data were coherently dedispersed and
folded synchronously with the pulsar period (455.078 ms) for
each 10 s integration using the DSPSR package (van Straten &
Bailes 2011). This produced data sets with 128 phase bins and
262,144 frequency channels, achieving a frequency resolution
of 0.49 kHz (or ~0.044 kms ™' velocity resolution) and a time
resolution of 78.1 ms. The CAL baseband data were folded in
sync with the CAL period (~0.09 s) for each 10 s integration,
resulting in data cubes with 32 phase bins and a frequency
resolution of 0.49 kHz. Flux calibration was performed using
the pac command from the PSRCHIVE package (van Straten
et al. 2012), applying calibration solutions from the observatory
based on observations of flux calibrators 0407-658 and
1934-638 taken nearest in time to our observations. The final
calibrated data are in units of Jy.

The data set is potentially contaminated by radio frequency
interference (RFI). For strong, wide-band RFI, the affected sub-
integrations were identified and subsequently removed from the
data set. For narrow-bandwidth, time-variable RFI, channels
with values exceeding 4o,y Wwhere o is the standard
deviation of each frequency channel over a 10 minute pulsar-
off observation, was removed from subsequent integration.

Assuming a source that fills the telescope beam, the
brightness temperature T}, can be derived from the flux density
S, observed at a frequency v using the Rayleigh—Jeans
relation

%S,
y e 1
T 2020 )

where kg is the Boltzmann constant, c is the speed of light, and
Q0 the beam solid angle. Based on the Gaussian main
beamwidth of 0.13 at subband 20 for the Parkes UWL (Hobbs
et al. 2020), the theoretical conversion factors for three CH A-
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doubling spectral lines at 3264, 3335, and 3349 MHz are
(0.594, 0.569, and 0.564)KJy*1, respectively.

3. Results and Discussion

The radiative transfer equations for pulsar-ON and -OFF
measurements, after subtraction of terms that are constant
across the band, are given by

TONW) = (Tex — Th)(1 — e 70) — T (1 — 7™, (2)
T (1) = (Tex — o) (1 — 7™, A3)

where T., and Tp, denote the CH excitation temperature and
pulsar temperature, respectively. The term 7/(v) represents the
optical depth profile resulting from CH at any distance within
the Parkes beam, while 7(v) originates from CH within the
pencil beam extending only from the pulsar to the observer.'!
The background (i.e., beyond the CH) brightness temperature,
Ty, consists of contributions from the isotropic CMB (2.73 K)
and from that portion of the Galactic continuum emission
originating beyond the CH. However, it is not possible to
determine observationally how much of the Galactic continuum
lies behind the CH emission. Therefore, the lower limit of the
background temperature T,i‘g’ is 2.73 K, while the upper limit Tb”gp
includes contributions from both the CMB and the Galactic
continuum. We followed the method outlined in Dawson et al.
(2022) to estimate an upper limit for the continuum background
temperature 7,y at the pulsar position by scaling the S-PASS
survey data at 2300 MHz (Carretti et al. 2019). Tg‘gp can be
expressed as

Tog = 2.73 + Togazoo(ven/2300 MHz), 4)

where Tyg300 ~ 7 K is obtained from S-PASS survey data at
the source position, and 3 ~ —2.1 is the spectral index at the
source position as estimated from the S-PASS map at
2300 MHz and the CHIPASS map at 1395 MHz (Calabretta
et al. 2014). The corresponding 7 at 3.3 GHz is ~6.0K.
The baselines for the optical depth spectra were generally flat
and were fitted and subsequently subtracted using a second-
order polynomial. The pulsar-ON and -OFF spectra were
significantly affected by instrumental baselines, making it
challenging to unambiguously fit and remove the entire
baseline beneath the spectral lines. To address this, the spectra
were divided into three separate velocity segments containing
the spectral components, and their baselines were each fitted
and subtracted using a second-order polynomial, in preparation
for Gaussian decomposition, as described in Section 3.1.
Figure 2 presents the first spectra of the three CH hyperfine
transitions observed toward a pulsar (PSR J1644-4559). The
spectra, collected during pulsar-ON and pulsar-OFF phases
without baseline removal, are shown along with the

M1 is implicitly assumed in this formulation that both the continuum
background and the CH fill the beam.
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Figure 2. (a) Top and middle panels show the raw pulsar-ON and -OFF spectra observed at 3264 MHz in brightness temperature. The bottom panel displays e™ ", the
difference between the pulsar-ON and -OFF spectra scaled by the mean value of the baseline of this difference spectrum, after baseline removal. The blue dashed line
indicates the LSR velocity of the pulsar, based on its kinematic distance of 4.5 kpc. (b) Same as (a), observed at 3349 MHz. (c) Same as (a), observed at 3335 MHz.



Research in Astronomy and Astrophysics, 25:025007 (10pp), 2025 February

0.08 F ! b

o 006 @ "\ 3264 MHz 1

-130 -120 -110 -100 -90 -80
Velocity (km s'l)

Fitting Residuals
(=)

Fitting Residuals
[=)

-130 -120 -110 -100 -90 -80
Velocity (km s’l)

Liu et al.
0061 ) 3349 MHz ]

< 0.04f ]
£ 00
O o VVar ‘\ A 4
& e L _

0 ™Y - Y gy Ay A ey

-130 -120 -110 -100 90 -80

Velocity (km s'l)

0.01p 1

£.001} :

-130 -120 -110 -100 -90 -80
Velocity (km s’l)

f

-130 -120 -110
Velocity (km s-])

-100 -90 -80

Fitting Residuals
[=)

-130 -120 -110

-100 -90 -80

Velocity (km s'l)

Figure 3. (a) For the 3264 MHz transition. Top panel: The black line shows the CH emission during the pulsar-OFF period at —110 km s~ '. The red solid lines
represent the five Gaussian components, and the blue line illustrates the final fitted CH emission. Bottom panel: The residuals from the fit. (b) Same as (a) for the

3349 MHz transition. (c) Same as (a) for the 3335 MHz transition.

corresponding optical depth spectra. Three main CH emission
components are observed within the Parkes beam at velocities
of ~—110, —45, and 5kms~' in both pulsar-ON and pulsar-
OFF spectra.

The —110 and —45kms ™' features align well with the OH
absorption and emission detected toward this pulsar during
OFF periods by Weisberg et al. (2005). The same LSR
velocities of CH and OH spectral lines indicate the same
kinematic distances of these two clouds, suggesting a close
spatial association between CH and OH molecules. Such a
relationship between the two species has been observed
extensively from quiescent dark clouds to HII regions (e.g.,
Rydbeck et al. 1976; Suutarinen et al. 2011; Xu & Li 2016;
Tang et al. 2021; Jacob et al. 2022). The OH features at —110
and —45kms~' exhibit both emission and absorption,

demonstrating departures from local thermodynamic equili-
brium (LTE). Given the similar level structure of the CH
radical and OH, non-LTE conditions are also expected for CH
transitions. The weakest CH component detected at 5kms ™'
was not detected in the four OH A doublet transitions in *II5 /25
J = 3/2 state (1612, 1665, 1667, and 1720 MHz), likely due to
the short integration time of ~5 hr in Weisberg et al. (2005).
The kinematic distance of PSR J1644-4559 is ~4.5kpc
(Verbiest et al. 2012), corresponding to the velocity with
respect to LSR of vpsg = —76.5kms™'. Any features with
velocities more negative than vpgg are more distant than the
pulsar, and thus no features are expected in the optical depth
spectra for the CH component at ~—110kms™'. For the —45
and 5kms™~! features, which are in front of the pulsar, no
significant signal is detected in the optical depth spectrum, 7(v).
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Figure 4. (a) For the 3264 MHz transition. Top panel: The black line shows the CH emission during the pulsar-OFF period at ~—45 km s~ '. The spectrum is
truncated at ~—30 km s ' due to the band edge. The red dashed lines indicate the two Gaussian components, and the blue line illustrates the final fitted CH emission.
Bottom panel: The residuals from the fit. (b) For the 3349 MHz transition. Top panel: The black line shows the CH emission during the pulsar-OFF period at
~—45km s~ "'. The red dashed lines represent the three Gaussian components. (c) Same as (b) for the 3335 MHz transition.

3.1. Gaussian Decomposition and Column Density
Estimation

Although no significant signals were detected in the optical
depth spectra, clear emission components are present in both
the pulsar-ON and -OFF spectra. These components can still be
analyzed to constrain the properties of CH clouds within the
entire Parkes beam. Additionally, upper limits can be estimated
on the column densities of CH clouds pierced by the
pulsar beam.

Due to the short duty cycle (~1.8%) of PSR J1644-4559, the
pulsar-ON spectra have a significantly higher noise level than
the pulsar-OFF spectra. To obtain reliable Gaussian decom-
position, we first use the curve fitting tool cftool in Matlab

to estimate initial guesses for the Gaussian components from

the pulsar-OFF spectra T 'Y, which can be expressed as

N—1
T]?FF(V) _ Z Top- e—4ln2(v—v0_n)2/Av&n’ 5)
n=0

where T, vo., Avp, are the amplitude, central velocity, and
FWHM of the nth Gaussian feature, respectively. The final
fitting results were refined using lsgcurvefit with a
least-squares approach, allowing amplitudes, central velocities,
and line widths to vary within 20% with respect to the initial
estimates. The Gaussian fitting results for the three CH
transitions at ~—110 km sfl, —45, and 5 km s~ ! are shown in
Figures 3-5 respectively. The derived parameters are listed in
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Figure 5. (a) For the 3349 MHz transition. Top panel: The black line shows the CH emission during the pulsar-OFF period at ~5 km s~ '. The red dashed lines
indicate the two Gaussian components, and the blue line illustrates the final fitted CH emission. Bottom panel: The residuals from the fit. (b) Same as (a) for the
3335 MHz transition. No data were recorded near ~5 km s~ for the 3264 MHz transition due to the band-edge frequency cutoff.

Table 1. A total of ten Gaussian components were identified
along the line of sight. Due to the frequency cutoff at
3264 MHz in subband 20, spectra at velocities greater than
—30kms ™' cannot be recorded for the 3264 MHz transition.

Under the assumption of small optical depth, the column
density for the CH 3335 MHz transition detected across the
entire Parkes beam in the pulsar-OFF spectra can be calculated
using (Genzel et al. 1979)

Tc,nAVO,n

N(CH)opr = 2.82 x 10T
ex 7i)g

5, (6)

where T., and Ay, are the peak brightness temperature and
FWHM of the fitted Gaussian components respectively, as listed
in Table 1. The statistical weights of the levels 6 =2 for 3264
and 3349 MHz, and 6=1 for the 3335 MHz transition line
(Rydbeck et al. 1976). Since no significant 7(v) signal is detected
in the pulsar ON-OFF spectra, we cannot simultaneously
determine 7(v) and T... Tang et al. (2021) directly estimated
the excitation temperatures for the CH transitions at 3335, 3264,
and 3349 MHz using ON/OFF observations of extragalactic
continuum sources. Their Monte Carlo analysis determined that
the excitation temperatures for the 3335 MHz main line and the
3264 and 3349 MHz satellite lines are concentrated within the
ranges [—5, 0], [—5, 0], and [—10, —5] K, respectively. Based
on these results, we adopted the average values of —2.5, —2.5,
and —7.5 K for T, at the 3264, 3335, and 3349 MHz transitions,
respectively. We estimated the lower and upper limits of the CH
column densities for the three transitions by incorporating the
lower and upper bounds of the background temperature, with
T,lg = 2.73K and T,y = 6 K. The resulting column densities for
all ten CH components at 3335 and 3349 MHz, as well as seven
features at 3264 MHz, are listed in Table 2.

The calculated column densities across three CH transitions
from different Gaussian components during pulsar-OFF range
from 0.2 to 9.8 x 10" cm™2, excluding feature 8 at the
3264 MHz transition due to its extremely low intensity.
Previous chemical models have demonstrated a close correla-
tion between CH and H,, as CH forms primarily through
reactions with H, (Black & Dalgarno 1973; Black et al. 1975).
Observationally, the relationship between CH and H, column
densities has been established in various studies (e.g., Liszt &
Lucas 2002; Sheffer et al. 2008; Tang et al. 2021). We adopted
an average CH abundance relative to H, of 3.5 x 10~® from
Tang et al. (2021), derived from observations of translucent
clouds along various sightlines. Using this abundance, the H,
column densities for the ten clouds within the Parkes beam
range from 0.6 x 10%° to 2.8 x 10*' cm ™2, suggesting they are
likely diffuse and translucent clouds (Draine 2011).

For CH traced by the pulsar pencil beam, we consider only
the components located in the foreground of the pulsar. The
optical depth spectra of three CH transitions in front of the
pulsar are shown in Figure 6. Five emission features are
detected in the pulsar-OFF spectra within these velocity ranges,
with peak positions marked by dashed lines. However, no clear
absorption or emission features are observed in the optical
depth spectra. We therefore estimate an upper limit for the CH
column density, N(CH),,s, by integrating the 7 spectra over the
same FWHM velocity range as each Gaussian component
obtained from the pulsar-OFF spectra, expressed as

Vot Avo,n/2.

T(v)dv|é.
Vo,n—Avo.n/2.
7N

vo,» and Avy,, are listed in Table 1. The corresponding upper
limits on the column density are provided in Table 2.

N(CH)ms = 2.82 x 104cm—2|T,,



Table 1
Gaussian Decomposition Results of Three CH Transitions
3264 MHz 3335 MHz 3349 MHz

Features T. Vo Avy T. Vo Avy T. Vo Avy
(No.) (mK) (km s~ ") (km s™h (mK) (km s™h (km s™h (mK) (km s™h (km s™h

1 103 £+ 0.7 —119.36 + 0.03 1.2 £ 0.1 214 £+ 09 —119.42 + 0.02 1.5 £+ 0.07 7.8 £ 09 —119.48 + 0.05 146 + 0.17
2 58.5 + 0.8 —117.93 £+ 0.02 4.55 + 0.05 88.6 £ 1.2 —-117.89 £+ 0.02 4.61 + 0.05 469 + 1.3 —117.89 + 0.04 448 + 0.09
3 13.1 £ 04 —103.03 + 0.04 312 + 0.13 315 £ 05 —102.83 + 0.02 392 + 0.07 177 £ 04 —102.63 + 0.03 324 + 0.09
4 11 £ 0.6 —1199 + 0.18 1247 + 041 204 + 1 —120.44 + 0.14 995 £+ 0.18 10 £ 09 —1209 + 0.35 9.14 £+ 0.33
5 205 + 0.2 —-97.19 + 0.1 1422 + 0.18 362 +£ 0.2 —96.58 + 0.07 13.02 + 0.11 179 £ 02 —-97.07 + 0.09 13.24 + 0.16
6 44 + 04 —43.5 + 0.01 292 £+ 0.03 71.1 £ 0.5 —43.53 + 0.01 277 £ 0.02 372 £ 04 —43.58 + 0.01 272 £+ 0.03
7 e . 375 + 04 —30.55 + 0.04 4.87 £ 0.09 167 + 0.3 -30.44 + 0.05 4.04 £+ 0.12
8 2.1 £ 07 —34.63 + 0.27 1.44 £+ 0.66 13.8 £ 0.6 —34.64 + 0.05 228 £+ 0.13 56 £ 05 -342 £+ 0.09 197 +£ 0.21
9 19 £ 03 395 £ 0.02 3.03 £ 0.05 89 £ 03 3.82 + 0.04 25 + 0.1
10 59 £ 02 —8.59 + 0.09 556 + 0.22 36 £ 02 —8.46 + 0.16 552 £+ 0.37
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Table 2
CH Column Densities during Pulsar-OFF and CH Column Density Upper Limits within the Pulsar Beam
During Pulsar-OFF Upper Limits Within the Pulsar Beam
3264 MHz 3335 MHz 3349 MHz 3264 MHz 3335 MHz 3349 MHz
Features N(CH)orr N(CH)orr N(CH)ogr N(CH)ms N(CH)ms N(CH)rms
(No.) (10" em™?) (10" ecm™?) (10" ecm™?) (10" ecm™2) (10" em™?) (10" ecm™?)
1 [0.2, 0.3] [0.3, 0.4] [0.4, 0.5]
2 [4.4,7.2] [3.4,5.5] [6.6, 8.7]
3 [0.7, 1.1] [1.0, 1.7] [1.8, 2.4]
4 [2.3, 3.7] [1.7,2.7] [2.9, 3.8]
5 [4.8, 7.9] [3.9, 6.4] [7.4,9.8]
6 [2.1, 3.5] [1.6, 2.7] [3.2, 4.2] 3.7 14 9.8
7 [1.5, 2.5] [2.1, 2.8] 0.6 0.3
8 [0.05, 0.1] [0.3, 0.4] [0.3, 0.5] 1.8 0.7 0.8
9 [0.5, 0.8] [0.7, 0.9] 0.3 4.9
10 [0.3, 0.4] [0.6, 0.8] 0.9 3.0
(I '32'64'M‘HZ'.; 3.2. Upper Limits of Potential Pulsed CH Maser
002k | il b JF 3 ; 3335 MHz]] Amplification Gain
rﬂ ,Ll bl |||'“h‘ ff: 3 3349 MHz)
0 fw k ﬂl';f#;lil‘il‘ " 7 : ‘ Weisberg et al. (2005) discovered pulsed OH maser emission
I Al 'k
-0.02 f \ .ltq'lf | uilb {1 e #l il i L ] at 1720 MHz with a velocity of —45 km s~ ', stimulated by the
F‘O-mi.'f.‘w&n‘{l“ IIfL 'J\ i i ”4 ﬂ.ﬂfp’li ‘,f'f”\ M L ih |" ‘l"‘lﬁ H i|||“ ﬂ!'a‘“‘ L'”U"*,' *_. photons from PSR J1644-4559, with a shortest maser
006f 1 N i variability timescale of 14 ms. The peak optical depth of the
-0.08 ; i pulsed OH maser line iS Tyaser ~ —0.05, indicating an
-0.1 : unsaturated state with an amplification gain of e~ mser = 1.05.
-0.12 i i ‘ § Stimulated emission occurs when the relevant level populations
AL I T T R are inverted or pumped by some process, with suitable photons
-0 40 i ki _’110 0 10 available to stimulate the emission from the overpopulated
Velocity (km s™) level (Elitzur 1992; Weisberg et al. 2005). In the case of pulsed
Figure 6. Optical depth spectra, 7=1 — exp(—7), of the CH A-doublet OH maser emission toward PSR J1644-4559, the OH transition
transitions toward PSR J1644-4559. The blue, red, and yellow lines represent levels are already inverted in the clouds due to local radiative or

the transitions at 3264 MHz, 3335 MHz (offset by —0.04 in 7), and 3349 MHz Llisi | hile th timulati hot.
(offset by —0.08 in 7), respectively. The dashed lines indicate the central cotlisional - processes,  while ¢ stmulating photons —are

velocities of five Gaussian CH emission components detected in the pulsar- generated by the pulsar (Weisberg et al. 2005). The CH radio
OFF spectra. emission often involves weak maser effects with an energy
level structure similar to OH (Elitzur 1992). We thus estimated

the upper limits of amplification gain for the potential pulsed

, CH maser emission by PSR J1644-4559, using e -, where o,

The pulsar beam (~0.03, calculated from pulsar pulse is the negative value of the standard deviation of 7(v) spectra

scattering; Lewandowski et al. 2013) is much narrower than the for three transitions. The standard deviations of the 7(v) spectra,
FWHM of the Parkes beam at subband 20 (~7.8; Hobbs et al. I at the 3264. 3335. and 3349 MHz transitions were
2020). Comparing the column density upper limits within the calculated over the velocity ranges of [—50, —30]kms ",
pulsar beam to the column densities observed in the Parkes [~50, 10]kms~", and [—50, 10]kms ", respectively. The

beam provides insight into the clumpiness and substructure of . )
P e nprcs . calculation follows Typs = >I_ (1 — 7)*/n, where 7; is the

CH clouds. While the non-detection of signal in the 7 spectra ; . : =1 .
makes it difficult to draw definitive conclusions, in some cases optical depth in the ith channel, 7 is the averaged optical depth

(e.g., Feature Nos. 6, 7, and 9 at 3335MHz and No. 7 at within the velocity range, and n is the number of channels in
3349 MHz as listed in Table 2), the column density upper limits the velocity range. The resulting values of o, = —7pn are
observed within the pulsar beam are significantly lower than —0.0137, —0.0091, and —0.0089 for 3264, 3335, and
the lower limits observed in the Parkes beam. This suggests 3349 MHz, respectively. The corresponding upper limits for
that much of the CH structures are not pierced by the pulsar amplification gain are 1.014, 1.009, and 1.009, for the
pencil beam, indicating that CH clouds may exhibit clumpiness transitions at 3264, 3335, and 3349 MHz, respectively. In
and substructure in certain regions. concrete terms, then, for every 1000 photons provided by the
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pulsar passing through the cloud, no more than [14, 9, 9]
additional photons may be stimulated near those frequencies.

4. Conclusions

Using the UWL on Murriyang, CSIRO's Parkes Radio
Telescope, we conducted the first search for potential pulsed
CH maser emission stimulated by PSR J1644-4559, with a
variability timescale of 78 ms, at 3264, 3335, and 3349 MHz.
We detected ten CH emission features at 3335 and 3349 MHz,
and seven features at 3264 MHz (limited by the frequency
cutoff at the edge of subband 20), during both pulsar-ON and
pulsar-OFF phases. The observed velocities of these features
are consistent with the OH emission and absorption reported by
Weisberg et al. (2005). We estimated the CH column density
for clouds within the Parkes beam to range from 0.05 to
9.8 x 10" cm 2. Adopting a typical CH abundance relative to
H,, we infer that these clouds are likely in diffuse and
translucent states. We derived the upper limits for the CH
column density within the pulsar beam, ranging from 0.3 to
9.8 x 10" cm™2. A comparison of the column densities within
the pulsar beam and the Parkes beam suggests that CH clouds
may exhibit clumpiness and substructure in certain regions. No
significant maser emission was detected in the optical depth
spectra. As a natural byproduct of our search for pulsed
stimulated emission, we also searched for absorption of the
pulsar signal by CH, and found none, as expected from
astrophysical considerations. The upper limits for the maser
amplification factors of the three 3.3 GHz CH lines toward PSR
J1644-4559 at 3264, 3335, and 3349 MHz are 1.014, 1.009,
and 1.009, respectively.
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