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ABSTRACT

We report on the first pulsar and transient survey of the Galactic Center (GC) with the Atacama

Large Millimeter/submillimeter Array (ALMA). The observations were conducted during the Global

Millimeter VLBI Array campaign in 2017 and 2018. We carry out searches using timeseries of both

total intensity and other polarization components in the form of Stokes parameters. We incorporate

acceleration and its derivative in the pulsar search, and also search in segments of the entire observation

to compensate for potential orbital motion of the pulsar. While no new pulsar is found, our observations

yield the polarization profile of the GC magnetar PSR J1745−2900 at mm-wavelength for the first time,

which turns out to be nearly 100% linearly polarized. Additionally, we estimate the survey sensitivity

placed by both system and red noise, and evaluate its capability of finding pulsars in orbital motion

with either Sgr A* or a binary companion. We show that the survey is sensitive to only the most

luminous pulsars in the known population, and future observations with ALMA in Band-1 will deliver

significantly deeper survey sensitivity on the GC pulsar population.

Keywords: pulsars: general — Galaxy: center — black holes — techniques: interferometric — mil-

limeter: stars
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1. INTRODUCTION
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The inner parsec of our Galaxy has been an excit-

ing laboratory in particular for probing gravity in the

past decades. This is mainly thanks to the Nobel-Prize-

winning discovery of the supermassive black hole at the

Galactic Center (Eckart & Genzel 1996; Ghez et al.

1998), whose corresponding radio source is known as

Sgr A* (Lo et al. 1993; Krichbaum et al. 1993; Falcke

et al. 2000; Plewa et al. 2015). Infrared observations

have revealed that Sgr A* is surrounded by a dense

group of orbiting young and old stars, commonly re-

ferred to as the S-star cluster (Eckart et al. 1993; Schödel

et al. 2002; Ghez et al. 2003; Eisenhauer et al. 2005).

Monitoring of the S-stars has led to a precise determina-

tion of the mass of Sgr A* (Eckart & Genzel 1996; Ghez

et al. 1998; Boehle et al. 2016; Gillessen et al. 2017),

and recent measurements of gravitational redshift and

Schwarzschild precession of the S2 star orbit (Gravity

Collaboration et al. 2018; Do et al. 2019; Gravity Col-

laboration et al. 2020). Near-infrared and X-ray obser-

vations of flares occurring around Sgr A* imply a sig-

nificant rotation of the supermassive black hole (Genzel

et al. 2003; Aschenbach et al. 2004).

In parallel, radio imaging studies using very long

baseline interferometry at millimeter wavelengths have

demonstrated the compactness of Sgr A*, yielding an

estimate on the intrinsic angular size of 40–60µas which

corresponds to only 4–6 Schwarzschild radii (Doeleman

et al. 2008; Fish et al. 2011; Lu et al. 2018; Johnson et al.

2018). These crude estimates are expected to soon be re-

placed by 1.3-mm images of Sgr A* with observations of

the Event Horizon Telescope (Event Horizon Telescope

Collaboration et al. 2019).

Pulsars in orbit around Sgr A*, once found, will allow

follow-up pulsar timing observations that can yield es-

timates for the mass, spin and possibly the quadrupole

moment of Sgr A* with unprecedented precision (Wex

& Kopeikin 1999; Kramer et al. 2004; Liu et al. 2012;

Psaltis et al. 2016; Liu & Eatough 2017; De Laurentis

et al. 2018). The assembly of all aforementioned ex-

periments, will deliver a multi-messenger experiment on

gravity (Psaltis et al. 2016; Goddi et al. 2017), testing

the fundamental principles in black-hole physics of gen-

eral relativity, i.e., the cosmic censorship conjecture and

no-hair theorem. Finding pulsars in the inner parsec

will in addition provide a direct probe into the magneto-

ionized environment in the vicinity of Sgr A*, and shed

light on the structure of its accretion flows (Eatough

et al. 2013b; Desvignes et al. 2018).

Starting in the 1990s, pulsar searches toward the GC

have so far discovered six radio-emitting neutron stars

within half a degree from Sgr A* (Johnston et al. 2006;

Deneva et al. 2009; Eatough et al. 2013b). The GC

magnetar PSR J1745−2900, initially identified in X-ray

(Mori et al. 2013; Rea et al. 2013), is the only one out of

the six inhabiting the innermost parsec. The number of

discoveries is well below the substantial expected popu-

lation of pulsars in the GC region (e.g., Pfahl & Loeb

2004; Wharton et al. 2012; Chennamangalam & Lorimer

2014; Zhang et al. 2014).

The main challenge of the searches at decimeter wave-

lengths, as well summarized in Cordes & Lazio (1997),

Macquart et al. (2010), Johnston et al. (2006) and

Eatough et al. (2021 submitted), is the high brightness

temperature of the GC region (Reich et al. 1990) and the

temporal scattering of the electromagnetic pulses when

they propagate from the GC through the dense ionized

interstellar medium (ISM) to the Earth. Though the

GC magnetar PSR J1745−2900 exhibits much less tem-

poral scattering than previously predicted (Spitler et al.

2014) and similar angular broadening as Sgr A* (Bower

et al. 2014, 2015), it is still debatable whether one or

a few lines of sight are representative given the spa-

tial complexity of scattering materials in the GC (Lazio

& Cordes 1998; Eatough et al. 2015). The combined

angular and temporal broadening of PSR J1745−2900

suggest that the angular broadening is dominated by

plasma far from Sgr A* (Bower et al. 2014). The scatter-

ing of the other GC pulsars also suggests a complex pic-

ture, with the material arising at multiple long distances

from the GC (Dexter et al. 2017). Imaging observation

of the extragalactic background source, G359.087+018,

additionally supports the existence of patchy scatter-

ing structure in the GC (Lazio et al. 1999). Thus,

strong scattering could still heavily affect the detectabil-

ity of GC pulsars in low-frequency searches (Spitler et al.

2014; Macquart & Kanekar 2015), motivating searches

at shorter wavelengths where temporal scattering (∝ λ4)

and the background noise of the GC is much less signif-

icant.

Very recently, Eatough et al. (2021 submitted) and

Torne et al. (2021) have reported pulsar search efforts

at observing wavelengths ranging from 6 cm down to

2 mm. At these wavelengths, sensitivity becomes a more

important limiting factor given that pulsars are typi-

cally steep-spectrum radio sources. Moreover, signifi-

cant power baseline variation is commonly seen in ob-

servations at these wavelengths, as a result of fluctuation

in troposphere contribution to the overall system tem-

perature (e.g., Liu et al. 2019). This effect is known to

degrade de facto survey sensitivity, especially for long-

period pulsars (P & 0.1s) (Lazarus et al. 2015).

Therefore, for high-frequency surveys it is crucial to

have highly sensitive facilities with relatively steady tro-

pospheric weather conditions. In light of such, the At-
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acama Large Millimeter/submillimeter Array (ALMA)

is an ideal instrument for pulsar searching in the GC.

While normally being operated as an interferometer,

ALMA can now also coherently combine individual an-

tennas and form a tied-array beam towards a single

pointing, which was developed under the ALMA Phas-

ing Project (APP; Matthews et al. 2018). The ALMA

phasing system currently allows a coherent addition of

up to 50 (usually 41) 12-m antennas, which delivers a

sensitivity equivalent to maximally a 84-m single dish

at mm-wavelengths. The excellent site location and the

feature of being an interferometer, minimize the level

of power baseline variation and guarantee the least pos-

sible radio interference (see e.g., the ALMA Technical

Handbook1). Additionally, since pulsars are typically

highly polarized radio sources, the assurance of polar-

ization purity in the ALMA observations (Goddi et al.

2019), provides a complementary probe for the surveys

as will be discussed below. Recently, a dedicated pulsar

observing mode with the phased ALMA has been devel-

oped under the ALMA Pulsar Mode Project (APMP)2,

which demonstrates the strength and the quality of data

with ALMA for pulsar studies (Liu et al. 2019).

In this paper, we report the first pulsar and transient

search of the GC with ALMA. The paper is organized as

follows. Section 2 describes details of the observations

carried out. Results of the searches conducted can be

found in Section 3. We further discuss the sensitivity of

the survey in Section 4 and its effectiveness in probing

the GC pulsar population in Section 5. A brief conclu-

sion is presented in Section 6.

2. OBSERVATIONS AND DATA PROCESSING

Observations of Sgr A* (αJ2000 = 17h45m40s.0361,

δJ2000 = −29◦00′28′′.168) with ALMA were carried out

at 3.5 mm during the Global Millimeter VLBI Array

(GMVA) campaign on April 03, 2017, April 14 and 17,

2018 (Issaoun et al. 2019, Issaoun et al. 2021, sub-

mitted). The array was coherently combined using the

phasing mode developed by the APP. The sky coverage

of the resulting synthetic beams in these two campaigns

is shown in Figure 1. At each epoch, the duration of the

track was approximately 6 hours in total, and divided

into individual scans of approximately 3−6 min each,

switching between Sgr A* and calibrator sources that in-

clude 3C 279, NRAO 530, and J1924−2914 (OV−236).

Baseband voltage data of 2-GHz bandwidth centered at

86.268 GHz were recorded in 2-bit samples on spinning

1 https://almascience.eso.org/documents-and-tools/cycle8/
alma-technical-handbook

2 http://hosting.astro.cornell.edu/research/almapsr/.
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Figure 1. ALMA synthetic beams (full width at half maxi-
mum) in the GMVA 2017 and 2018 campaigns (at 86 GHz),
along with that from the Event Horizon Telescope (EHT)
2017 and 2018 observations (at 228 GHz) as a comparison
(Event Horizon Telescope Collaboration et al. 2019). The
black arrows represent the position and the direction of mo-
tion of the S-stars and the GC magnetar PSR J1745−2900
is marked by the red arrow. The size of the ALMA synthetic
beam (in arcsec, ′′) is given by θ = 76′′/(Lmaxf) as given
in ALMA Technical Handbook, where Lmax is the maximum
baseline (in km) and f is the observing frequency (in GHz).
For GMVA 2017, 2018 and EHT 2017/8 observations, Lmax

is 0.155, 0.5, and 0.46 km, respectively, which in turn gives
θ ' 5.7′′, 1.8′′ and 0.72′′. This figure is based on a reproduc-
tion of Figure 3 in Bower et al. (2015).

discs in MARK 6 recorders with dual polarization. We

refer to Goddi et al. (2019) for more details on phasing

observations and data acquisition of ALMA.

The data on Sgr A* were later processed into inten-

sity timeseries and written in PSRFITS format in search

mode using the software tool vdif2psrfits developed

under the APMP (Liu et al. 2019). The PSRFITS prod-

uct contains timeseries of four Stokes parameters stored

in 32-bit float samples, with time and frequency resolu-

tion of 8µs and 62.5 MHz, respectively. Though the con-

verted PSRFITS data did not proceed through the Level

2 Quality Assurance (QA2) stage for gain and leakage

calibration, both are no more than a few percent for the

observations (Goddi et al. 2019, ; Goddi et al. 2020, sub-

mitted). This means that the polarization of the data is

trustworthy at a similar level of precision.

During the post-processing, we noticed a power drop-

off feature in the data, with a period of 18.192 s that

https://almascience.eso.org/documents-and-tools/cycle8/alma-technical-handbook
https://almascience.eso.org/documents-and-tools/cycle8/alma-technical-handbook
http://hosting.astro.cornell.edu/research/almapsr/.
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coincides with the phasing cycle of the array (see Goddi

et al. 2019, for details). We accordingly developed a

dedicated scheme to mitigate this effect, which has sig-

nificantly improved the data quality in terms of search-

ing for time-domain signals. More details can be found

in Appendix A. It was also found that the data recorded

on April 14, 2018 were heavily affected by packet losses

(up to 20% per scan for one polarization, in a number

of small chunks) during the data recording. Thus, we

focused on data from April 03, 2017 and April 17, 2018

for the analysis in the rest of the paper.

3. RESULTS

3.1. Periodicity search

We searched for periodic signals in the dataset us-

ing the Fourier domain technique incorporated in the

presto software package (Ransom et al. 2002; Ander-

sen & Ransom 2018). For each epoch, the timeseries

from individual scans on the Sgr A* were coherently

connected (with samples equal to the mean filled in

the gaps), re-sampled to a time resolution of 32µs,

and de-dispersed with a dispersion measure (DM) of

1,700 cm−3 pc using presto’s prepdata program. The

de-dispersion corrects for the frequency-dependent time

delay caused by the ISM along the line of sight, which,

following Lorimer & Kramer (2005), can be calculated

as

δτ = 4.15 ms× (f−2low − f
−2
high)×DM (1)

where flow, fhigh are the low and high ends of the fre-

quency band in units of GHz and δτ is in ms. The

DM value was chosen based on the measurement of

the GC magnetar PSR J1745−2900 which gave DM '
1, 770 cm−3 pc (Eatough et al. 2013b). The smearing

time across the entire 2-GHz band centered at 86 GHz

would be approximately 46µs, slightly higher than our

time resolution, if the dispersion delay were not compen-

sated for. Subtracting a DM of 1,700 cm−3 pc should

therefore largely mitigate the DM smearing and leave

the remaining part well below the sample interval for GC

pulsars with DMs similar to that of PSR J1745−2900.

Power baseline variations are commonly seen in mm-

wavelength observations as a consequence of system

temperature fluctuations on timescales down to the or-

der of seconds (Liu et al. 2019). This results in a red-

dening of the Fourier power spectrum and is already a

known limiting factor to sensitivity in pulsar searches

at longer wavelengths (e.g., Lazarus et al. 2015). To

mitigate this impact in our dataset, we used presto’s

rednoise program to subtract a running median in the

Fourier power spectrum before carrying out the search.

The block size in Fourier frequency bins starts from 6

bins and is increased to 100 bins at a frequency of 10 Hz

100

101

102

103

10 2 10 1 100 101 102 103

Frequency (Hz)

100

101

102

103Po
we

r

GMVA 2017

GMVA 2018

Figure 2. Fourier power spectrum of the total intensity
dataset from GMVA 2017 and 2018 campaigns, respectively,
before (cyan) and after (blue) the application of spectrum
whitening.

after which it remains constant. This has effectively

whitened the Fourier power spectrum as shown in Fig-

ure 2, which subsequently improves the sensitivity of the

search to slow pulsars (e.g., P & 0.1 s).

We then used presto’s accelsearch program to

search for periodicities in the data. To compensate for

potential orbital motion of a pulsar, in addition to the

spin period we also varied the first and second period

derivatives (acceleration and “jerk”) to maximize sen-

sitivity (e.g., Ransom et al. 2002; Bagchi et al. 2013;

Eatough et al. 2013a). Here we considered two pos-

sible scenarios, a pulsar in orbit with Sgr A* or in a

close binary system with another stellar-mass compan-

ion. For the former we used accelsearch -zmax 1200

-wmax 40 and searched the full length of the dataset,

while for the latter we subdivided the dataset uniformly

into three segments and used accelsearch -zmax 1200

-wmax 1500 for each of the search individually. The seg-

mented search provides additional sensitivity to pulsars

in a compact orbit with a companion or in a close orbit

with Sgr A* (e.g., Johnston & Kulkarni 1991). More de-

tails of the search sensitivity in terms of orbital motion

for the applied options in accelsearch can be found in

Section 4.2. We repeated the searches described above

four times, using timeseries of the four Stokes parame-
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ters, respectively. The searches carried out in Q, U , V

(but not in L =
√
Q2 + U2 as discussed in Appendix B)

are complementary to that in total intensity I, since the

variation of the power baseline is not supposed to be po-

larized. We also corrected for the rotation of the linear

feeds in parallactic angle, which otherwise would cause

sinusoidal variations in the Q and U components. The

Faraday rotation across the band, if adopting the rota-

tion measure of PSR J1745−2900, is calculated to be

approximately 4.2 deg. This suggests that the existence

of rotation measure is likely to only have a minimal im-

pact on the search sensitivity in Q and U (though other

pulsars in the neighborhood may well have quite differ-

ent RMs than the magnetar). The detection significance

(S/N) of the Fourier power for a pulsar candidate was

calculated by summing a number of 16 Fourier harmon-

ics. For each candidate with S/N > 2, we folded the

total intensity timeseries with respect to its character-

istics (period, period derivative, and jerk) and visually

inspected the constructed signal.

Table 1 summarizes the number of candidates with

S/N> 2 from the search. It can be seen that overall

the segmented search produces significantly more can-

didates, mainly due to the additional parameter space

explored. The searches in Stokes Q, U , and V yield sub-

stantially fewer candidates, reflecting the smaller con-

tamination of their (zero-mean) timeseries by baseline

variations. The GC magnetar J1745−2900 was blindly

detected in all searches conducted in the 2017 campaign,

except for the segmented searches in V due to a sensitiv-

ity limit. Figure 3 shows the detection of J1745−2900

in all four Stokes parameters from the searches using

the full length of the observation. The S/Ns are in turn

28, 33, 22, and 4 for I, Q, U , and V , which demon-

strates the success of finding pulsars with polarization

components. The GC magnetar was not found in the

blind search from the 2018 campaign, largely due to the

fact that it was not covered by the synthesized beam of

ALMA during the observation as illustrated in Figure 1.

Folding the data with a pulsar ephemeris obtained from

low-frequency monitoring observations (Desvignes et al.

in prep.) revealed a weak and time-varying detection,

indicating that its signal was collected in the side-lobe of

the array which rotated with respect to the sky along the

phase center during the tracking. The average strength

of the signal is roughly an order of magnitude lower than

that from the 2017 observation, so a non-detection from

the blind search is expected as it falls under the search

sensitivity as will be discussed in Section 4.1. Apart

from the GC magnetar, no other evident pulsar candi-

date has been found.

Search NI NQ,U,V

2017, full 153 61

2017, segments 2165 111

2018, full 217 84

2018, segments 2449 1693

Table 1. Number of candidates obtained from both the
full-length and the segmented searches, in timeseries of total
intensity and the other three Stokes components in total,
respectively.

3.2. Single-pulse search

In addition to periodic signals, we have also searched

for single bright pulses from pulsars or from transient

sources such as those that emit fast radio bursts (FRBs).

Note that for searches at decimeter wavelengths, the dis-

persion sweep and multi-beam comparisons are crucially

useful criteria for distinguishing terrestrial signals from

possible astrophysical events (e.g., Burke-Spolaor et al.

2011); however these tools are not available with our

mm observations. In light of such constraints, we devel-

oped a search scheme using polarization property as the

main criterion. As seen in previous observations, bright

individual pulses commonly exhibit significant polariza-

tion at decimeter wavelengths (Lorimer & Kramer 2005;

Petroff et al. 2016). This has also been indicated in a

few pulsars at 3-mm wavelength (Torne et al. 2017; Liu

et al. 2019). Thus, coincidence of detection in both to-

tal intensity and one (or more) of the other polarization

components can be applied during the candidate selec-

tion to find actual astronomical signals, assuming that

terrestrial signals caught during the observations were

not significantly polarized. Therefore, we carried out

single-pulse search to timeseries in total intensity I, lin-

ear L and circular V polarization, respectively, with the

single pulse search.py program in presto. Since

the intrinsic V component of a pulsar can be of either

positive or negative sign, for the search in V we first

subtracted the mean of the timeseries and carried out an

additional search to the data multiplied by −1. Then

we checked the time of event for all candidates above

7-σ significance, and kept those which were detected

simultaneously in I and either L or V . In total, we

have detected three events (all from I and L compo-

nent) from the 2017 campaign and none from 2018. All

event times coincide with the phase of the pulse profile

of PSR J1745−2900, suggesting that these events are

very likely to be individual pulses of the GC magnetar

(see Section 3.3).

3.3. The magnetar signal
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I Q U V

Figure 3. Detection of the GC magnetar PSR J1745−2900 from the blind search with the full length of the 2017 campaign
using the four Stokes parameters. In all of the four cases, the magnetar was found as the candidate with the highest detection
significance from the search.

The 2017 observations offer a great opportunity to

study the emission property of the GC magnetar, in

particular its polarization. Figure 4 shows the polar-

ization profile of the magnetar, together with its lin-

ear polarization position angle (Ψ) swing and the three

individual pulses detected from the single-pulse search

described in Section 3.2. It can be seen that the mag-

netar pulse profile is nearly 100% linearly polarized and

the circular polarization component is also clearly seen.

The high degree of linear polarization was already in-

dicated by previous observations with the IRAM 30-m

telescope at 3-mm wavelength (Torne et al. 2017). To
study the emission geometry of the GC magnetar, we

fitted the rotating-vector model (RVM) to the obtained

position angle (Ψ) swing as described in Radhakrishnan

& Cooke (1969)3:

tan(Ψ0 −Ψ) =

sinα sin(φ− φ0)

sin(α+ β) cosα− cos(α+ β) sinα cos(φ− φ0)
, (2)

where φ is the pulse phase, α is the magnetic inclina-

tion angle and β is the impact parameter (angle between

the magnetic axis and line of sight). The best-estimated

values are: α = 110+16
−18 deg, β = −20.0+3.0

−1.7 deg (1-σ con-

fidence interval). We also derived the mean flux density

3 Here we use the usual IAU convention where measured posi-
tion angle increases counterclockwise on the sky, as discussed in
Everett & Weisberg (2001)

of the GC magnetar to be 0.39± 0.01 mJy based on the

radiometer equation (detailed in Section 4.1), up to an

order of magnitude weaker than previously reported at

3-mm wavelength (Torne et al. 2015, 2017). This is how-

ever in general consistent with measurements from some

of the monitoring campaign with IRAM 30-m telescope

(Torne et al. 2021 submitted).

From Figure 4, it can be seen that the three single

pulses have peak intensities approximately 10-30 times

of the average over all pulses. They individually show a

high fraction in linear polarization as is also observed in

the integrated profile. The single pulses occur at phases

corresponding to the trailing part of the integrated pro-

file. Sub-pulse structure is seen in all three cases, as

also reported from previous single-pulse studies of the

GC magnetar at lower frequencies (Pearlman et al. 2018;

Wharton et al. 2019).

4. SURVEY SENSITIVITY

4.1. Limitation by noise

For a given pulsar survey, its sensitivity can be the-

oretically derived with the radiometer equation. With

a requested S/N of detection, the minimum detectable

mean flux density of the pulsar can be approximated by
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Figure 4. Polarimetric signals of the GC magnetar from the
2017 campaign. The top two panels are the polarization posi-
tion angles and the polarization average profile, respectively.
The profile is an average of approximately 2,000 rotations.
The bottom three panels are the three single pulses blindly
detected in our search as discussed in Section 3.2. The solid
line in the top panel stands for the RVM fit to the position
angles. The solid black, dashed red and dotted blue lines
in the rest of the panels represent total intensity, linear and
circular component, respectively. The intensities are nor-
malized with respect to the peak of the average profile in the
second panel from the top.

(Lorimer & Kramer 2005)4:

Smin =
(S/N)Tsys

G
√
nptint∆ν

√
W

P −W
, (3)

4 Note that this formula is a valid approximation only when
P � W . See Cordes & Chernoff (e.g., 1997); Lazarus et al. (e.g.,
2015) for extended discussions on this topic and more generic ex-
pressions.

where Tsys is the system temperature, G is the telescope

gain, np is the number of polarizations, tint is the in-

tegration time, ∆ν is the bandwidth, P is the pulsar

rotational period and W is the effective pulse width.

For our observation at Band-3, we use G = 1.15 K/Jy

and Tsys = 51 K as a result from the QA2 analysis which

also takes into account the phasing efficiency of the ar-

ray (Goddi et al. 2019). However, sensitivity estimates

using the formula above would have a few caveats when

applying to our data. First, it is known to overestimate

the sensitivity for slow pulsars (e.g., P > 1 s) due to the

presence of red noise in the data (Lazarus et al. 2015).

Secondly, the data are effectively not evenly sampled as

a consequence of the gaps between individual scans. In

addition, there could be impact on the sensitivity by

other (periodic) signals or non-Gaussianity in the data.

Thus, similar to Lazarus et al. (2015), we estimated the

sensitivity of our search using a few different schemes

described as follows. Firstly, we directly calculated the

values with the radiometer equation. Secondly, we sim-

ulated a fake pulsar signal along with white-noise data

of the same length, spacing and RMS as the real obser-

vations, and carried out a real search with our pipeline.

Furthermore, we directly injected a fake pulsar signal

into the real data and performed a search with our

pipeline.

Figure 5 summarizes the sensitivity estimates de-

scribed above. It can be seen that the estimates from

radiometer equation and from injection into simulated

data lead to consistent minimum detectable flux densi-

ties, while values from the latter are approximately 20%

higher possibly due to the existence of gaps in between

individual scans. Injection into real data resulted in

slightly higher limits for fast spinning pulsars, which is

around 0.03 mJy, and became up to a factor of 5 higher

for slow pulsars (P & 1 s) with wide pulse width. This

is expected due to the presence of red noise and other

terrestrial signals in the real data.

4.2. Sensitivity to binary motion

The observed period of a pulsar can change signifi-

cantly during the observation as a result of the Doppler

effect if it is in orbital motion and thus accelerated. The

variation depends on the orbital phase at the epoch of

observation, and is approximately linear in time if the

pulsar endures roughly a constant line-of-sight acceler-

ation (al) during the observation (Ransom et al. 2002).

However, if the observing length (Tobs) is a significant

fraction of orbital period (e.g., Tobs & 10% Pb), the

derivative of the acceleration, commonly referred to as

jerk (jl), is then required to better describe the varia-

tion of pulsar period (Ransom et al. 2002; Bagchi et al.
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2013; Eatough et al. 2013a; Liu et al. 2014; Andersen

& Ransom 2018). While acceleration and jerk searches

have been widely studied in searches for binary pulsars

with solar-mass companions, important differences when

searching for pulsars in orbit with Sgr A* have only been

pointed out very recently by Eatough et al. (2021, sub-

mitted). Here, it was shown that in deep searches for

millisecond pulsars (MSPs) in long-period circular orbits

around Sgr A* Pb ∼ 2 yr, even the constant acceleration

is enough to make z exceed the current maximum value

configurable in presto accelsearch − thereby plac-

ing lower limits on the minimum Sgr A* orbital period

detectable, for a pulsar of a given spin period.

Following e.g., Bagchi et al. (2013), the line-of-sight

acceleration and jerk of an orbital pulsar can be written

as:

al = −
(

2π

Pb

)2
ap sin i

(1− e2)2
sin(AT + ω)(1 + e cosAT)2,

(4)

and

jl =−
(

2π

Pb

)3
ap sin i

(1− e2)7/2
(1 + e cosAT)3 · [cos(AT + ω)

+e cosω − 3e sin(AT + ω) sinAT], (5)

where ap, e, i, and AT are the semi-major axis, eccen-

tricity, inclination and true anomaly of the pulsar orbit.

In the Fourier domain, al and jl correspond to shifts

in the Fourier frequency bin (z) and its derivative (w)

within an entire observation of length Tobs as (Andersen

& Ransom 2018)

z =
alhfT

2
obs

c
, (6)

and

w =
jlhfT

3
obs

c
, (7)

where c, f , h are the speed of light, fundamental fre-

quency of the pulsar rotation, and the index of the

Fourier harmonic being considered. In practice, the

Fourier-domain search is blindly performed, covering a

range of possible z and w values, respectively. Each

range is symmetric around zero and given a half width

that covers the largest possible absolute z or w from an

entire orbit. While in reality the absolute z and w reach

their maximum at different orbital phase, i.e., observing

epochs, a blind search needs to cover both maxima at

the same time so as to ensure an optimal survey sensitiv-

ity at any potential orbital phase. With the equations

above, the ratio of the maximum of absolute z and w

out of an entire orbit can be written as

max(|w|)
max(|z|)

=
Tobs

Pb(1− e2)3/2
f(e, ω), (8)
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Figure 7. zmax (upper row) and wmax (lower row) values required in presto for our searches to retain optimal sensitivity to
pulsars in orbit with Sgr A*, for a range of orbital periods and eccentricities. Here we use the length of the 2017 campaign
(5.1 hr in total) and the 2018 campaign has a similar length. As mentioned in Section 3.1, the zmax, wmax values used in our
searches are 1200, 40 for the full data length, and 1200, 1500 for the 1/3 data length, respectively.

where f(e, ω) = 1 for e = 0, and in general increases

for a larger e as shown in Figure 6. It can be seen

that the relative value of max(|w|) to max(|z|) becomes

larger for more compact and eccentric orbits, and longer

observations. This shows the increasing importance of

including a jerk search under these circumstances.

Accordingly, for a given observation we can calculate

the maximum absolute z and w values from a range of

orbits, to see if the search is in practice sensitive to pul-

sars in those orbits. Here for the estimate of our search,

we mainly consider two scenarios: 1) A pulsar in or-

bit with Sgr A*; 2) A pulsar in a close binary with a

degenerate companion (a neutron star or white dwarf).

We also consider the impact on the detectability by or-

bital eccentricity where jerk effects (covered by the w

term) become more significant, in comparison with the

analysis presented in Eatough et al. (2021, submitted).

The results for our survey concerning the first scenario

are presented in Figure 7. It can be seen that for an

ordinary pulsar (P = 100 ms), a maximum |z| value of

1200 is sensitive to orbital periods down to ∼ 0.5 yr for

a moderate eccentricity (e ∼ 0.5), and further down to

0.2 yr if the eccentricity is low (e ∼ 0.1). For a MSP,

these are restricted to ∼ 5 yr and 2 yr, respectively. The

searches that use 1/3 of the entire observation and the

same maximum |z|, significantly improves the coverage

of the orbital parameters space. For an ordinary pul-

sar, it is expected to be sensitive to the vast majority

of the possible orbits except for those of a very short

orbital period and high eccentricity. For an MSP, the

segmented search begins to cover a significant fraction

of possible orbits with Pb < 1 yr. Exploration in the

space of jerk in this scenario is much less required ex-

cept only for short and highly eccentric orbits, as indi-

cated from the scaling law by Eq. (8). For a choice of

max(|z|) = 1200, a corresponding max(|w|) = 40 used

in our search is just enough to cover the same range of

orbits while using the full length of the observation. For

the segmented searches that use 1/3 of the full length,

the required max(|w|) is approximately 400 which is well

below 1500 which we used. Our results are in broad con-

sistency with what have been reported by Eatough et al.

(2021 submitted) (shown in Figure 7), when the orbital

eccentricity is low (e = 0.1).

For many of the known binary pulsars, our 5.2-hr long

dataset is comparable to or larger than the orbital period

(Manchester et al. 2005). Thus, the segmented search is

necessary to provide sensitivity for a significant popula-

tion of binary pulsars, in particular those with Pb . 1 d.

Figure 8 shows the maximum z and w values required

in the segmented search for a range of orbital period

and eccentricity. Here two common types of binary pul-

sars are considered, a mildly recycled pulsar with a neu-

tron star companion (1.4 M�) and an MSP with a white

dwarf companion (0.5 M�) (Lorimer & Kramer 2005). It

can be seen that with maximum z of 1200 and maximum
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Figure 8. Maximum of z (upper row) and w (lower row)
values required in our segmented search (1/3 length) for or-
bits of different periods and eccentricities in a binary pulsar
system. The companion is assumed to be a 1.4-M� neutron
star for the case of a mildly recycled pulsar (P = 50 ms), and
a 0.5-M� white dwarf for the case of a MSP (P = 5 ms). The
full observing length used here is the same as in Figure 7.
For reference, the zmax, wmax values used in the 1/3-length
searches are 1200 and 1500, respectively, as mentioned in
Section 3.1.

w of 1500 used in our search, the coverage of orbit is ap-

proximately down to 0.7 d in the former and 2 d in the

latter case, for a moderate orbital eccentricity (e ∼ 0.5).

These constraints drop to 0.5 d and 1 d, respectively, if

the eccentricity is assumed to be low (e ∼ 0.1).

The aforementioned sensitivity limit of our search on

potential pulsar orbits should be considered as con-

straints on the “worst-case scenario”, since it requires

the survey to be conducted with an “optimal” sensi-

tivity. In practice, a pulsar in a tight orbit, where a

jerk search or a higher order derivative of acceleration

is needed to approximate the orbital motion, could still

be detected if its signal is sufficiently strong after the

systematic reduction. In the Fourier domain, the ampli-

tudes of high-order harmonics of the pulsar rotational

frequency are reduced, which causes harmonic summing

to also produce a smaller detection statistic. It is also

possible that the pulsar happens to be observed at a

favourable orbital phase, where the instantaneous val-

ues of z and w are below the limits while their maxima

over an entire orbit are not. Lastly, single pulses are un-
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Figure 9. Sensitivity of ALMA GC surveys with respect
to the 87-GHz luminosity of a large pulsar population. The
black dots represent luminosities calculated from one typical
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affected by imperfect removal of the orbit from arrival

times.

5. DISCUSSION

It is anticipated that the GC hosts a substantial pop-

ulation of pulsars in its inner parsec, with the most opti-

mistic estimate of up to ∼ 100 pulsars5 with Pb . 10 yr
that can be covered by our search (e.g., Pfahl & Loeb

2004; Wharton et al. 2012; Chennamangalam & Lorimer

2014). However, as discussed in Eatough et al. (2015)

and Liu & Eatough (2017), most surveys by now are in

practice very limited in exploring the GC pulsar popula-

tion. To examine how deeply our survey can probe the

GC pulsars, we have calculated the luminosity threshold

at 87 GHz based on the estimated survey sensitivity in

Section 4. As a comparison, we also estimated the antic-

ipated sensitivity of a Q-band survey with ALMA, once

its Band-1 is fully operational. For this we applied a sim-

ilar observing setup (6-hr tracking, effective on-source

time approximately 50%) to the GMVA campaign, 8-

5 This is merely a population estimate and does not take into
account the beaming fraction of pulsars, roughly 20% estimated
from previous observations (e.g., Lorimer & Kramer 2005).
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GHz bandwidth (with all four spectral windows), the

same telescope gain as in Band-3, a system temperature

of 50 K and a central frequency of 42 GHz (Huang et al.

2016). For a given pulsar period, the system sensitiv-

ity was then derived based on the estimate in Figure 5

with the radiometer equation, and translated into a lu-

minosity threshold at 87 GHz assuming a spectral index

of −1.6.

These limits were compared with the anticipated lu-

minosities of a large pulsar population. To select the

samples of pulsars, we used the ATNF pulsar catalogue

(Manchester et al. 2005), and chose all pulsars with flux

density measurements around 1.4 GHz or above, because

the pulsar spectrum at lower frequencies tends to devi-

ate from a simple power-law (e.g., Kijak et al. 2011;

Jankowski et al. 2018). This kept 70% (1,932 out of

2,796) of the overall pulsar population for the analysis

thereafter. Then for pulsars with a reported spectral

index, we extrapolated the flux density to 87 GHz as-

suming the power-law spectrum extends up to that fre-

quency. If no measurement of spectral index is avail-

able, we applied a random value drawn from a nor-

mal distribution (with mean of −1.6 and standard de-

viation of 0.54) reported in Jankowski et al. (2018)

which was obtained based on statistics of ∼ 300 pul-

sars. Exceptions are PSR J0835−4510 (the Vela pulsar),

PSR B0355+54, Swift J1818.0−1607, PSR J1745−2900

and XTE J1810−197 for which we simply used the re-

ported flux density measurements at 87 GHz (Morris

et al. 1997; Liu et al. 2019; Torne et al. 2020a,b, and this

work). The distance measurements are mostly based

on DM and the YMW16 Galactic free-electron density

model (Yao et al. 2017), except for the Vela pulsar,

PSR B0355+54 and XTE J1810−197 where a parallax

distance was used (Caraveo et al. 2001; Chatterjee et al.

2004; Ding et al. 2020), and PSR J1745−2900 for which

we applied the distance to the GC reported by Gravity

Collaboration et al. (2021). We repeated the aforemen-

tioned procedure for 1,000 realizations to accumulate a

robust assessment of the pulsar population detectable

by the surveys. Figure 9 presents the results from one

typical iteration.

It has been found that our ALMA GMVA survey

is able to detect only the most luminous pulsars, ap-

proximately the top 4% (average from all realizations)

of all selected pulsars. Meanwhile, the survey would

already be sensitive enough to detect all three radio-

loud magnetars (Swift J1818.0−1607, PSR J1745−2900

and XTE J1810−197) which have been detected at mm-

wavelength6, if they were located in the GC. The ALMA

Q-band survey has the potential to increase the fraction

to approximately 14%, nearly a factor of 4 improvement.

A similar investigation on probing the GC pulsar pop-

ulation with ALMA was recently reported in Torne et

al., (2021 submitted), where a result in line with that

presented here can be found. Note that as shown in

Figure 9, the surveys are very unlikely to be sensitive to

any MSPs in the GC.

The estimate above largely depends on extrapolation

of pulsar spectra from decimeter and centimeter to 3-

mm wavelength with a simple power-law model. This as-

sumption has a significant number of exceptions where a

more complex model, such as a broken power-law, needs

to be introduced to fit the observed pulsar spectrum

(Maron et al. 2000; Kijak et al. 2011; Jankowski et al.

2018). So far, only a few dozens of pulsars have had their

emission properties studied above 10 GHz (Wielebinski

et al. 1972; Bartel et al. 1977; Sieber & Wielebinski

1987; Wielebinski et al. 1993; Kramer et al. 1996, 1997;

Löhmer et al. 2008; Keith et al. 2011; Hankins et al.

2016; Torne et al. 2017; Liu et al. 2019), so that an av-

erage spectral index calculated from those sources may

be biased towards flatter values. On the other hand,

some individual pulse components have markedly differ-

ent spectra, leading to possibly complex pulsar spectra

overall and rather different pulse profiles at high frequen-

cies (see e.g. PSR B0144+59, Löhmer et al. 2008). There

are also indications that the spectrum could turn up at

mm-wavelengths (Kramer et al. 1997). This is not com-

pletely unexpected (Cordes 1979; Kramer et al. 1997)

as some theories predict the existence of other spec-

tral components rising somewhere in between the radio

and infra-red bands, e.g. due to incoherent curvature

emission (Michel 1982) or inverse Compton scattering

of low-frequency radio photons (Blandford & Scharle-

mann 1976; Lyutikov 2013). Therefore, additional sam-

ple studies are in great demand to fully understand pul-

sar emissions and the potential of pulsar surveys in the

mm-wavelength regime.

6. CONCLUSIONS

We have carried out the first GC pulsar and tran-

sient search with ALMA, using data collected in the

GMVA 2017 and 2018 campaigns. Periodicity searches

were conducted on timeseries of all four Stokes param-

eters, with acceleration and jerk, and in both the full

6 The pulse widths of Swift J1818.0−1607 and XTE J1810−197
reported in Torne et al. (2020a) and Torne et al. (2020b), respec-
tively, are both close to 0.05P used in the sensitivity curve plotted
in Figure 9.
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length and 1/3 length of the entire observation. Single-

pulse searches were performed on timeseries in total in-

tensity, linear and circular polarization. We obtained

the first polarization profile of the GC magnetar at mm-

wavelength, and found that it is close to 100% linearly

polarized. While no new pulsar is found, we estimated

the survey sensitivity using both the radiometer equa-

tion and a signal-injection scheme, and evaluated its ca-

pability of finding pulsars with orbital motion. Finally,

we showed the survey is only sensitive to the most lu-

minous pulsars in the overall population, and a survey

using ALMA Band-1 has the potential to probe much

deeper into the GC pulsar population. Future searches

at mm-wavelength is necessary also to increase the de-

tection probability of magnetars and many other pulsars

of a transient nature, and pulsars at different phases of

eccentric orbits.
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APPENDIX

A. SYSTEMATICS AND CLEANING SCHEME

The raw baseband voltage data collected during the GMVA observations were converted into intensity timeseries as

part of the data processing offline. Figure 10 (upper panel) shows the timeseries from one of the scans as an example.

A cyclic power drop-off feature is immediately noticeable on top of the overall baseline, and was found to be of the

same period as the phasing cycle of the APP which is 18.192 s. Figure 11 shows the feature averaged with respect to

its period over the entire time span in Figure 10. It can be seen that in every cycle, the occurrence of power drop-off

clusters within two phase ranges (around 0.4 and 0.7) which in turn have been corresponded to a 2.064-s “dump time”

in between 16.128-s observing sub-scans and the refresh of the phasing solution, respectively (detailed in Goddi et al.

2019). A zoomed browse through the timeseries has found that during the dump time, the baseline drops progressively

in different number of steps each cycle, but always recovers within a short time window in the end. This is also

indicated by the steep edge at the trailing side of the averaged feature in Figure 11. Thus, the trailing edge can be

used as the reference to identify the phase range of the dump time (shown as the filled region in Figure 11) which is

not known beforehand. The power drop-offs associated with injection of a new phasing solution are in general 2-4 s

trailing the dump time but not precisely periodic since the computing time cost to obtain the solution is different in
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Figure 10. Timeseries from one 7-min scan on Sgr A*, with the mean power subtracted. The upper panel shows the original
data where power drop-offs are seen to occur repetitively every 18.192 s. Histogram of the time samples exhibits a clear deviation
at the negative end from a best-fitted Guassian function. The lower panel shows the same chunk of data after application of
the cleaning scheme, where the statistics of the time samples is well fitted with a Gaussian distribution.
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Figure 11. Averaged profile of the timeseries in Figure 10 with respect to the period of phasing cycle in APP. The power
drop-off around phase 0.4 coincides with the dump time in between two sub-scans and its phase range is marked in grey color.
The drop-offs around phase 0.7 are associated with the injection of a new phasing solution into the system.

every cycle. Nonetheless, the drop-off usually exhibits as a simple negative step function without significantly altering

the level of baseline afterwards.

Accordingly, we have established a dedicated scheme to mitigate those systematics in the data. For every scan,

we first folded the timeseries with respect to the phasing period and used the averaged feature from dump time to

determine its absolute phase. Then we returned to the timeseries and replaced the samples during the dump time with

random noise created using mean and rms obtained from the sub-scan right before. The power drop-off caused by the

refresh of phase solution can be effectively cleaned with the built-in clip function in presto’s prepdata program while

creating the timeseries. An example of the cleaned data after applying the scheme can be found in the lower panel of

Figure 10. It is clearly seen that the vast majority of the systematics has been removed, and the distribution of time

samples is well modelled by a Gaussian function.
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B. BASELINE VARIATION IN STOKES

Here we investigate the property of polarization components when the input signal of a data-recording system has

a time variability as a consequence of e.g., fluctuation in system temperature. For simplicity, we consider an ideal

orthogonal system where the two linear feeds are equally illuminated by the input signal. The signals from the two

polarization channels can be expressed as: {
x = âx + b̂xi

y = ây + b̂yi,
(B1)

where âx, b̂x, ây, b̂y are all independent variables. Assuming that the input signal is pure Gaussian noise with

time-dependent variance, we have: {
âx = b̂x = ây = b̂y = 0,

â2x = b̂2x = â2y = b̂2y = σ2(t),
(B2)

where σ2(t) is the actual detected power as a function of time. Accordingly, the four Stokes parameters are written

as: 
I = xx∗ + yy∗ = 4σ2(t)

Q = xx∗ − yy∗ = 0

U = 2<(x∗y) = 2âxây + 2b̂xb̂y = 0

V = 2=(x∗y) = 2âxb̂y + 2âyb̂x = 0

(B3)

Thus, while the power in I changes as a function of time, there is no resulting time variability in the other Stokes

parameters, Q, U and V , as far as the input signal is unpolarized. Meanwhile, the detection in linear polarization L,

is written as:

L =
√
L2 =

√
Q2 + U2 = 4σ2(t), (B4)

where

Q2 = (xx∗ − yy∗)2 = â4x + b̂4x + â4y + b̂4y = 8σ4(t), (B5)

U2 = [2<(x∗y)]2 = â2xâ
2
y + b̂2xb̂

2
y = 8σ4(t). (B6)

Therefore, the detection of linear polarization will also be affected when the power in I exhibits a time variability.

REFERENCES

Andersen, B. C., & Ransom, S. M. 2018, ApJL, 863, L13,

doi: 10.3847/2041-8213/aad59f

Aschenbach, B., Grosso, N., Porquet, D., & Predehl, P.

2004, A&A, 417, 71, doi: 10.1051/0004-6361:20035883

Bagchi, M., Lorimer, D. R., & Wolfe, S. 2013, MNRAS,

432, 1303, doi: 10.1093/mnras/stt559

Bartel, N., Sieber, W., & Wielebinski, R. 1977, A&A, 55,

319

Blandford, R. D., & Scharlemann, E. T. 1976, MNRAS,

174, 59, doi: 10.1093/mnras/174.1.59
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