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Abstract

Axions are one of the leading dark matter candidates. If we are embedded in a Milky Way dark matter halo
comprised of axions, their stimulated decay would enable us to observe a counterimage (“axion gegenschein”)
with a frequency equal to half the axion mass in the opposite direction of a bright radio source. This spectral line
emission will be broadened to Av/v ~ o4/c ~ 10 due to the velocity dlspers1on of dark matter, o,. In this pilot
study, we perform the first search for the expected axion gegenschein image of Vela supernova remnant with
26.4 hr of effective ON-OFF data from the Five-hundred-meter Aperture Spherical radio Telescope (FAST) L-
band (1 0-1.5GHz) 19 beam receiver. Our null detection limits the axion—photon coupling strength to be
Bapy S 2 % 107'°GeV ! in the mass ranges of 8.7 ueV < m, <9.44 ueV and 10.85 ueV < m, < 12.01 peV.
These results provide a stronger constraint on g, in this axion mass range than the current limits obtained by the
direct search of an axion decay signal from a dwarf galaxy that uses FAST observations, but are a factor of ~3
times weaker than the current CERN Axion Solar Telescope limit. Based on our observation strategy, data
processmg methods, and results, the expected sensitivity will reach ~10~""' GeV " with ~2000 hr of observation
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in the future.

Unified Astronomy Thesaurus concepts: Dark matter (353)

1. Introduction

Dark matter plays an important role in the composition
and evolution of the Universe according to the ACDM model
(Planck Collaboration et al. 2020). Many theories and experiments
have been put forward to reveal the nature of dark matter
(see J. L. Feng 2010 for a review), like for Weakly Interacting
Massive Particles (e.g., G. Jungman et al. 1996; G. Steigman et al.
2012; L. Roszkowski et al. 2018; J. Aalbers et al. 2023; E. Aprile
et al. 2023; W.-Q. Guo et al. 2023), axions (e.g., R. D. Peccei &
H. R. Quinn 1977, Z. G. Berezhiani et al. 1990;
D. J. E. Marsh 2016; P. Sikivie 2021), sterile neutrinos (e.g.,
S. Dodelson & L. M. Widrow 1994; A. Boyarsky et al. 2009;
K. N. Abazajian 2017; K. C. Y. Ng et al. 2019; J. W. Foster et al.
2021), dark photons (e.g., B. Holdom 1986; M. Fabbrichesi et al.
2020; A. Caputo et al. 2021; H. An et al. 2023), and so on.

In particular, the axion, a pseudoscalar boson, is one of the
most well-studied dark matter candidates arising in Peccei—
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Quinn theory to solve the strong-CP problem in quantum
chromodynamics (QCD; R. D. Peccei & H. R. Quinn 1977;
L. F. Abbott & P. Sikivie 1983; M. Dine & W. Fischler 1983;
J. Preskill et al. 1983). The interaction of axions and
electromagnetic fields enables us to detect them nongravita-
tionally, with the corresponding Lagrangian term written as
L = 0,,a8E - B, where g,,, is axion—photon coupling
strength; a, E, and B are axion, electric, and magnetic fields,
respectively (P. Sikivie 1983).

Many existing experiments are designed for laboratory-
based detection of axions and axion-like particles
(P. W. Graham et al. 2015). For example, “haloscopes” aim
to detect the signal of axions in the Milky Way halo converted
to photons in a resonant cavity (P. Sikivie 1983, 1985). Many
experiments have provided strong constraints on axion dark
matter in this way, such as the experiments at Rochester—
Brookhaven—-Fermilab (RBF; S. DePanfilis et al. 1987,
W. U. Wuensch et al. 1989) and the University of Florida
(UF; C. Hagmann et al. 1990), the Axion Dark Matter
eXperiment (ADMX; S. J. Asztalos et al. 2004; C. Boutan
et al. 2018), the Center for Axion and Precision Physics
Research (CAPP; J. Jeong et al. 2020; S. Lee et al. 2020;
O. Kwon et al. 2021; J. Kim et al. 2023; A. K. Yi et al. 2023),
the Haloscope At Yale Sensitive To Axion Cold Dark Matter
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(HAYSTAC; B. M. Brubaker et al. 2017; L. Zhong et al. 2018;
K. M. Backes et al. 2021; M. J. Jewell et al. 2023), the
QUaerere AXion (QUAX; R. Barbieri et al. 2017; N. Crescini
et al. 2018; D. Alesini et al. 2019; G. Cowan et al. 2020;
D. Alesini et al. 2021), the Oscillating Resonant Group
AxioN (ORGAN) experiment (B. T. McAllister et al. 2017;
A. Quiskamp et al. 2022), CERN Axion Solar Telescope
(CAST)-CAPP (C. M. Adair et al. 2022), and so on. On the
other hand, axions can be produced in the Sun through the
Primakoff conversion of plasma photons in electromagnetic
fields (I. G. Irastorza et al. 2011). These solar axions can be
converted to X-ray photons in powerful magnetic fields, which
is the detection strategy used by “helioscopes,” including
CAST (V. Anastassopoulos et al. 2017) and the International
AXion Observatory (IAXO; E. Armengaud et al. 2014, 2019).
Additionally, purely laboratory-based detection strategies,
such as light-shining-through-wall experiments (J. Redondo
& A. Ringwald 2011), can constrain the existence of axions
without relying on an astrophysical source of axions.

Axion-like particles can be detected with astronomical
observations via axion conversion (A. Hook et al. 2018;
J. W. Foster et al. 2020; R. A. Battye et al. 2021, 2022;
S. J. Witte et al. 2021; J. W. Foster et al. 2022) and decay to
standard model particles. However, the timescale for sponta-
neous axion decay into two photons is 7,,, = 64mh/ ma3c’6ga2W
(J. E. Kim 1987; E. W. Kolb & M. S. Turner 1990), where m,,
is the axion mass. An estimation with m.c> ~ 10 eV and
Zary ~ 107'°GeV " implies a timescale of ~10°* yr, which is
significantly longer than the age of the Universe. In the
presence of external radiation, axions can undergo stimulated
decay at a much faster rate, producing two nearly back-to-back
photons (one moving in the same direction as the incoming
radiation, and the other in the opposite direction). There are
many astrophysical environments where one can perform a
search for the forward radiation produced by this stimulated
decay process, including dwarf spheroidal galaxies, the
Galactic center, and galaxy clusters (e.g., A. Caputo et al.
2019). Furthermore, in the opposite direction of a bright radio
source, we can expect to observe a counterimage produced by
stimulated decay of axions in the Milky Way dark matter halo
(O. Ghosh et al. 2020; A. Arza & E. Todarello 2022;
M. A. Buen-Abad et al. 2022; Y. Sun et al. 2022; A. Arza
et al. 2024; P. S. Bhupal Dev et al. 2024; Y. Sun et al. 2024;
E. Todarello et al. 2024). The counterimage is sometimes
called “axion gegenschein,” which refers to a similar effect
where sunlight is scattered by dust in the direction opposite the
Sun. This novel technique provides a possibility for the
indirect detection of axion-like particles using existing or
future telescopes.

The Five-hundred-meter Aperture Spherical radio Telescope
(FAST; R. Nan et al. 2011) is the most sensitive single-dish
radio telescope in the world. Previous forecasts (Y. Sun et al.
2022) have shown that FAST could constrain the axion—
photon coupling in new parameter space through the
nonobservation of an axion gegenschein signal with hundreds
of hours of integral time. FAST is particularly well suited for
the observation of gegenschein induced by a single source
compared with array telescopes such as the Square Kilometer
Array (SKA; P. E. Dewdney et al. 2009) and the Canadian
Hydrogen Observatory and Radio-transient Detector
(CHORD; K. Vanderlinde et al. 2019). Notably, The L-band
(1.05-1.45 GHz) 19 beam receiver can cover a ~20’ x 20/
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Figure 1. Results of constraint on g,.,. The blue solid line displays the upper

limits with 95% C.L., while the black dashed line shows the expected limit for
pure thermal noise spectrum with our observation parameters.
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Figure 2. Schematic of axion gegenschein geometry.

field of view (D. Li et al. 2018; W. Hu et al. 2020; P. Jiang
et al. 2020), comparable to the expected angular extent of a
gegenschein image.

In this work, we perform a pilot study using FAST to search
for a possible gegenschein image sourced by Vela supernova
remnant (SNR). The nondetection of a convincing axion decay
line emission signal allows us to set a strong constraint on the
axion—photon coupling strength g,.,, as shown in Figure 1.
This result is discussed in more detail in Section 5.

The rest of this paper is organized as follows. In Section 2,
we introduce the theory of axion gegenschein, as well as the
model for a specific source as studied in Y. Sun et al. (2022).
Observation data are described in Section 3, then Section 4 is
about data processing. We show the results of a search for an
axion signal and the resulting parameter constraints in
Section 5 and provide a detailed discussion in Section 6.
Finally, our work is summarized in Section 7.

2. Theory
2.1. Axion Gegenschein

A schematic diagram of the geometry of the axion
gegenschein is shown in Figure 2. The radiation from a bright
primary source passes by and stimulates the decay of axion
dark matter particles. The decay photons emitted in this
process are nearly back-to-back (moving in the direction of the
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Figure 3. Left: the luminosity evolution model of Vela SNR at 1 GHz. The vertical dashed line marks the transition position of two evolution phases. Right: specific
flux density of Vela SNR at 1 GHz (red line, left y-axis) and dark matter density (blue line, right y-axis) at different values of x, along the direction of the

gegenschein image. Parameters adopted here are fiducial values in Table 1.

stimulating radiation and the near-opposite direction) and have
a frequency corresponding to half the axion mass. Considering
the high occupation number of axion dark matter and ignoring
the axion back-reaction (which is very negligible), the classical
field equation describing stimulated axion decay can be
expressed as

@} = VA = —g,,(cV x Ag)da, (1)

where a(?) is the background axion field, and A and A; are the
vector potential of the incoming and stimulated electromagnetic
radio wave, respectively. As in A. Arza & P. Sikivie (2019) and
P. Sikivie (2021), by Fourier transforming and treating A; as a
perturbation, the flux density of axion gegenschein can be
expressed as

ﬁc4gazw £2
5= — j; S, (W x4) p(xa)dxq, ®)

where S,(v,, x;) is the specific flux density at the frequency
U, = myc? /2h, x4 is the distance between the observer and the
decaying axions, t; = fy,e — X;/c With £, being the age of
SNR, and the density p of axion dark matter in the Milky Way
is assumed to follow the Navarro-Frenk—White profile
(J. F. Navarro et al. 1996, 1997)

_ P
2

r r

;'(”z)

where r is the galactocentric radius, and r, = 16kpc is the
scale radius. We take the local density as p(r., = 8.22kpc) =
0.46 GeV /c?/em® (S. Sivertsson et al. 2018; M. S. Nitschai
et al. 2020).

From Equation (2), the gegenschein image is a superposition
of contributions to the signal coming from different values of x,;
along the line of sight. Due to the dark matter velocity
dispersion of o, ~ 116kms™ "', the overall image is spatially
extended in a way that depends on the finite angular size and
distance of the primary source. The expected line emission
spectrum will also be broadened by the Doppler effect. We note
that the resonant frequency of the stimulating emission can be
shifted by an amount around <0.1% due to the line-of-sight

p(r) = , 3

Table 1
Parameters of Vela SNR

Parameter Fiducial Value and Uncertainty

(263.55, —2.79)
287119 pc
12403 x 10* yr
100723° yr

Position (I, b)
Distance x;
Age thge

MFA time fypa

Spectral index o 0.74 + 0.04
Electron model S, S, oc 143
Alternative electron model S, o< 2P +D/5
Flux density SiGu, 610 Jy

proper motion of the SNR, which we assume to be on the same
order of the transverse velocity. However, this effect is much
smaller than the Doppler broadening from the dark matter
velocity dispersion, and we choose to ignore it.

2.2. Gegenschein from Vela

Based on the analysis in Y. Sun et al. (2022), Vela SNR
could be an optimal primary source for stimulating axion
decay in the region of the sky that is observable with FAST. In
detail, a simplified SNR evolution model indicates that Vela
SNR has undergone two main phases of evolution: the free-
expansion phase and the Sedov-Taylor phase (I. Sushch &
B. Hnatyk 2014; G. Dubner & E. Giacani 2015). The specific
luminosity evolution shown in the left plot of Figure 3 is
calculated using a model with fiducial values given in Table 1
(R. Dodson et al. 2003; E. G. Berezhko & H. J. Volk 2004,
I. Sushch & B. Hnatyk 2014). Note that the SNR was probably
even brighter than indicated in Figure 3 during the earliest
parts of the free-expansion phase (M. F. Bietenholz et al.
2021), and here, we conservatively set it to be a constant due to
the large modeling uncertainties associated with this epoch.
The luminosity evolution indicates that the SNR was much
brighter in the past than it is now, which corresponds to a more
luminous gegenschein image at larger values of x, due to the
finite time of the flight of the primary radiation and
gegenschein signal. The flux of the gegenschein signal can
be rewritten with the evolution model of Vela SNR analyzed in
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Y. Sun et al. (2022) as

ta

Gg—tMFNe (4, 2 7%
Sg = AgSI/,O(Va) j;) : < P(xd)dxd
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tyc/2 -
+ AgSI/,O(Va) ﬁtj—tMpA)r (IMFA) ’ p(xd)dx,[, (4)
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where A, = fiﬁ“gﬂzW /16 is a coefficient related to g,, fmra is
the timescale associated with the onset of magnetic field
amplification (MFA), and p is the electron spectral index,
related to the observed synchrotron spectral index via
a = (p — 1)/2 (I. Sushch & B. Hnatyk 2014). The red line
in the right figure of Figure 3 shows the flux density at the
distance x;, while the blue line shows the dark matter density
at the corresponding location.

The proximity between Vela SNR and Earth leads to a
significant angular enlargement of the gegenschein image by a
factor of x4/x, as defined in Figure 2 in the small-angle limit.
This enlargement enhances the intrinsic spatial smearing
AO = 20,/c ~ 2.6 caused by dark matter velocity dispersion,
such that the total angular extent is 6, = A@ - x4/x,. The
proper motion can also affect the spatial distribution of the
axion gegenschein image (E. Todarello et al. 2024). According
to R. Dodson et al. (2003), the transverse motion of Vela is
about v, = 58 mas yr_l, which leads to a maximum change of
position of ~ 5.3 during 7,/2 ~ 5500 yr. Compared with the
size of the Vela gegenschein image (full width at half-
maximum, hereafter FWHM, ~ 40’) and the sky coverage of
the FAST 19 beam receiver (~ 20’ x 20"), the change in the
position of Vela is not a dominant effect (Y. Sun et al. 2022).
Nevertheless, for the sake of model accuracy, we include this
effect in the following analysis. The intensity [, at each
distance x; and different direction 7 can be inferred given
S¢(xg) through

Sexas ) = [Tytxa, 7 AL, 5)

assuming the axion gegenschein image at x, follows a 2D
Gaussian profile, and 7; is the opposite position of Vela SNR
considering its transverse motion. For simplicity, we also use
the flat sky approximation for the small sky patch of the
gegenschein image. The observed signal flux can be written as

Sovs = [ [LeCxa. 7 bR dxadQ. (©)

The beam pattern b(7i) adopted here is simplified as a 2D
Gaussian profile with FWHM given in P. Jiang et al. (2020)
that varies with frequency.

The normalized intensity of the axion gegenschein image
induced by Vela SNR is shown in Figure 4. For comparison,
the 19 L-band beams of FAST are indicated by the black
circles, which correspond to the FWHM at 1.0 GHz. Notably,
the bright central part of the predicted gegenschein image is
well distributed over the 19 beams.

3. Observations

We obtained a total of 59 hr of observation time through our
proposal in 2021 (PT2021_0020) and 2022 (PT2022_0185),
including 30 hr of Grade A (i.e., high priority) time and 15 hr of
Grade B time from proposal 2021, and 14 hr of Grade B time
from proposal 2022. This includes time for target tracking,
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Figure 4. Surroundings of the Vela SNR gegenschein source. The normalized
intensity of the gegenschein is shown in color map; the FAST beams are
shown as circles at the ON-source (black) and four OFF-source (white)
positions labeled by the white words “OFF 1/2/3/4.” Also shown are galactic
radio emission estimated by extrapolating from the Haslam sky map at 408
MHz (counter image, C. G. T. Haslam et al. 1982; M. Remazeilles et al. 2015)
and NVSS sources with flux >10 mly (red points) at 1 GHz.

OFF-source point tracking, calibration, and telescope slewing.
We carried out three observation sessions in the summer of
2021, 2022 June, and 2023 June, which we will refer to as data
A, data B, and data C, respectively. For simplicity, hereafter, we
will use the uppercase “ON” and “OFF” to denote the data at
ON-source and OFF-source points, whereas we will use the
lowercase “on” and “off” to distinguish data with and without
noise injection. The observation is carried out with the 19 beam
L-band receiver, with the frequency range of 1050-1450 MHz.
We tested several different observation modes. The time—
frequency (waterfall) plot of a sample of raw data is shown in
Figure 5, with the left panel for the data A, middle panel for the
data B, and right panel for the data C. The time-averaged spectra
of the sample data for the 19 beams are shown in Figure 6.
Parameters of these observations are listed in Table 2.

3.1. Observation in 2021

During the observation in 2021, the 30 hr of time (A) are
equally split into 10 nights, each containing 2 hr of tracking
observation of the antipodal position for the Vela SNR for its
gegenschein, 10 minutes for tracking a nearby OFF-source
point, and 20 minutes for a calibrator (3C 409) observation
with the MultiBeamCalibration mode. The left panel of
Figure 5 shows the raw ON- and OFF-source data of a single
beam and polarization during 1 day, while the left panel of
Figure 6 shows the time-averaged spectra of all 19 beams and
2 polarization channels of the ON-source observation.

The internal noise diode was used in its low temperature
(~1K) mode for gain calibration. We used a high-cadence
noise injection mode, which had been used in the Commensal
Radio Astronomy FAST Survey (D. Li et al. 2018). The noise
was injected for 81.92 us every 196.304 us, which is similar to
the pulsar sampling timescale. This mode ensures the temporal
continuity of data, which enabled us to perform high time-
resolution calibration with the help of the pulsar backend,
while simultaneously searching for pulsars and fast radio
bursts as byproducts.
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Figure 5. Waterfall plots of raw data of MO1, XX polarization. The blank regions correspond to the switching between ON-source and OFF-source positions. Left:

data A, day 1. Middle: data B, day 3. Right: data C, day 1.
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Table 2
Observation Parameters

Data Set Year

2021

OFF-source Position

1

Observation Time

20 hr, ON
+100 minutes, OFF

A

2022 190 minutes, ON
4190 minutes, OFF
130 minutes, ON

4130 minutes, OFF

2023 144 minutes, ON
~+144 minutes, OFF
144 minutes, ON

~+144 minutes, OFF

3.2. Observation in 2022

Based on a preliminary analysis of the data obtained in
2021, we revised our observation strategy when carrying out
the further observation of 15 hr of time (B) in the summer of
2022. In this run, equal time is assigned to the ON- and OFF-
sources, and we made a switch between them every 10 minutes
to reduce the error induced by bandpass instability. We also
used an additional OFF-source point, to better assess the sky
background. In the observations of 5 days, we obtained a total
of 320 minutes for each ON-source and OFF-source data. The
sky calibrator was observed in the same manner as it was for
data A. Moreover, a more traditional noise injection mode was
used for data B, in which the noise diode was turned on for

~1s every ~ 8s to avoid noise overflow in the high-cadence
mode. Examples of waterfall plots and spectra from data B are
shown in the middle panel of Figures 5 and 6.

3.3. Observation in 2023

In the 2023 observations, we continued to use the same
noise injection mode and sky calibrator as those used in 2022.
In data C, we selected two new OFF-source positions, which
are farther from the ON-source position than before, to ensure
that the gegenschein signal would not be subtracted during
background subtraction. The 14 hr observation was distributed
over 4 days. On each day, we used the ON-OFF mode with
both OFF-source positions for better comparison of different
OFF-sources, and to minimize the influence of the choice
of OFF-source on our result. The switching period for ON- and
OFF-source positions is 24 minutes as shown in the right panel
of Figure 5. In total, we obtained 9.6 hr of pure ON-OFF mode
observation in data C.

4. Data Processing

We divide the raw data into three frequency bands
(1050-1129 MHz, 1129-1313 MHz, and 1313-1450 MHz)
according to the level of radio frequency interference (RFI)
(see Figure 6). Data in the 1129—-1313 MHz band are discarded
as they are too contaminated by RFI. We also rebin the raw
data from a frequency resolution of Av ~ 7.6kHz to
Av ~ 122 kHz to reduce the amount of computation. Tests
of sample data show that the result is nearly identical to the
one obtained by first flagging RFI then rebinning. We smooth
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Figure 8. An example of bad data from data A, day 8, Beam 10, yy
polarization

the OFF-source data obtained in 2021 along the frequency axis
at the beginning (before rebinning) to lower the level of white
noise.

The data processing follows the standard pipeline for a
single-dish radio telescope (K. O’Neil 2002; Y. Li et al. 2023);
the main steps are as follows:

1. temporal RFI flagging;

2. receiver gain and bandpass calibration using the noise
diode;

3. absolute flux calibration using the sky calibrator;

4. baseline and standing wave removal;

5. determining the detection limit and performing a signal
search.

4.1. Temporal RFI Flagging

During the observation, very strong interference
(H.-Y. Zhang et al. 2020) occasionally occurs at some
frequencies (e.g., RFI near 1380 MHz), which contaminates
the spectrum. Another source of temporal interference is a jump
in the signal level across all frequency bands. We flag these two
kinds of temporal interference, while keeping other sources of
RFI and strong spectral lines (e.g., galactic HI emission at
1420.4 MHz) because our target signal has the same
characteristics. To this end, the temporal flagging process is
run on each frequency channel. We flag the outliers deviating

over 4.5 standard deviations from the smoothed-band baseline,
and iterate the process until no new point is flagged. To reduce
residual interference, adjacent time points are also masked. The
percentage of masked time points at each frequency channel
(fmask(®)) is shown in the right figure of Figure 7. We can see
the higher frequency band (1313-1450 MHz) is clean except for
a few contaminated channels near 1380 MHz. For the lower
frequency band, the data are more influenced by RFIs.

To maintain continuity in the frequency domain, the masked
regions are refilled with interpolated data with white noise
added as shown in the left plot of Figure 7. The amplitude of the
refilled Gaussian noise is set to match the noise level estimated
from the adjacent 10 minute RFI-free data. The target signal
does not vary rapidly over time, so this interpolating procedure
will not introduce a false signal. Even so, to be conservative in
our search, we still mask frequencies whose time variation is
mostly contaminated before searching for a signal in the final
frequency spectrum. Furthermore, to avoid artificially under-
estimating the noise level of the final spectrum, we introduce a
correction factor Cpask (V) = /1 — f . () with the mask
fraction fi,,sk(v) when deriving the result in Section 5 to recover
the noise level without interpolated data. This correction
factor is based on the relation between thermal noise level

and the effective integration time, 0 o« ———, in which the
g NZAY

effective integration time at each frequency channel is
Al‘eff(V) = 7fmask(l/)) X Attota.l(y)-

Certain beam feeds show significant temporal fluctuations,
which seem to be periodic, as shown in Figure 8 for example.
The origin of these fluctuations is unknown. In the subsequent
analysis, we do not use such bad data.

4.2. Bandpass and Gain Calibration

As discussed in Section 3, noise with temperature ~1 K was
injected periodically for calibration. We calculate the instru-
ment frequency response (bandpass) B(v) for each time block
of ~ 10 minutes in data B and C as

<Von(l/, t) - ‘/()ff(y, t)>t
Tnp(v) - ton/tsamp

B(v) = ; @)

where V,,, and Vg are values measured by the FAST spectrum
backend when the noise diode is turned on and off,
respectively, with 7o, = 0.9, temp = 1.00663296 s during
observation, and the noise diode equivalent temperature Tnp
has been measured using the hot-load method.
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Figure 9. Left: comparison between spectra of ON and OFF from 1 day’s observation. Middle: comparison between spectra of ON-OFF; from 4 different days.

Right: comparison between spectra of ON-OFF,, i = 1, 2, 3, 4 for 4 days of data.

For data A, the calculation is a little more complicated.
Since the injected noise signal in the high-cadence mode can
only be identified by the FAST pulsar backend, but not in the
spectral backend, we first extract the data from the pulsar
backend, then rebin them according to the sampling time of the
spectrum backend (~0.2 s). Following W. Yang et al. (2024),
the bandpass of the pulsar backend B, (v) can be calculated
using Equation (7) with the noise-on and noise-off data (Vo per
and Vg ps), as well as the noise injection parameters
(fon = 81.92 us and femp = 98.304 s for this observation).
Then, we use a coefficient C(v) to convert By to Bgpec,
assuming they have a similar bandpass shape but differ in their
amplitude,

Bspec(V) = Bpsr(V) . Cbp(l/)

Bos(v) e ®)
= Dpsr(V) - .
P (Vi)sr,on + ‘/i)sr,off)/2 ¢

Furthermore, assuming a bandpass shape stable in time, the
calculation of the temporal fluctuation of gain (bandpass
amplitude) g(¢) for data B and C is similar, but averaged along
the frequency as

Vepec,on (Vs — Vipec,o , 1
e(r) = pec, v, D pec, i (v, 1) ’
Bspec(”) y

while, for the data A of high-cadence noise injection mode, the
expression becomes

Voston (V5 1) — Vpsr,off(l/’ 1) C(v, 1)
0 ={-2 : .10
§ < Boul) Cop(¥) >

After dividing the raw data by the bandpass and g(f), we
obtain the antenna temperature T, as

Vepee (v, 1)
Bspec(V) - g .

Note that, when calculating the bandpass of data A, the ON-
source data are divided into ~ 10 minute blocks to be
consistent with the OFF-source data. We also convolve a
Hanning window function or use a median filter in several
steps to suppress the white noise and smooth the bandpass
and gain.

©)

La(v, 1) = Y

4.3. Absolute Flux Calibration

In each day’s observation, we observe 3C409 as a sky
calibrator using the MultiBeamCalibration mode for absolute

flux calibration. The spectrum of 3C409 (denoted as
S3c 400(1)) is assumed to follow a power law, and it is related
to the observed temperature T5c 409(v) by

Tic400(v) = (v, 0za,0) - GoB(r)Ssc 400 (V), (12)

where Gy = ZTRZ = 25.6 K Jy~! is the theoretical antenna flux
B

gain, R = 150 m is the effective illuminated half size of the
FAST, n(v, 0z 0) is the aperture efficiency at the zenith angle
0za.0, and B(r) is the beam pattern, which is assumed to be a
Gaussian profile with the FWHM given in P. Jiang et al.
(2020), while r is the great-circle distance between the pointed
direction and the 3C 409 position. We use the flux value at 750
and 1400 MHz'* to fit the spectrum parameters, then use this
equation to determine the aperture efficiency. To reduce the
influence of the different zenith angles of the target source and
the calibrator, we first calculate a correction factor C,(v, 0z4 o)
at the zenith angles when tracking 3C 409, to quantify the
difference between our results and those in P. Jiang et al.
(2020). Then, we calculate n for any other zenith angle 6,4, by
multiplying the correction factor on earlier observed results of
FAST at the corresponding zenith angle (denoted as
n]iang(ys GZA)),

N, ) = n, 0za(1))
= Cy(V, 0724,0) * Mjiang ¥, Oz (D). (13)

The antenna temperature is then converted to flux units by
dividing 7 and the theoretical flux gain Gy,

Tcal (V’ t)

S, t) = ——2—~——,
@ 0= w0 Gy

(14)

4.4. Baseline and Standing Wave Removal

After the calibration, we make an ON-OFF subtraction of
the time-averaged data in each day, to remove the sky
background and the system baseline. An example spectrum of
ON and OFF from 1 day of observation is shown in the left
panel of Figure 9, and the ON-OFF; spectra derived for a few
days are shown in the middle panel of Figure 9. The amplitude
of difference spectra is significantly reduced compared with
the raw spectra, because the ON and OFF spectra are very
similar. Nonetheless, the flux is not zero, and in fact varies
significantly on different days. For the higher frequency
(1300-1450 MHz) band, the residue is relatively flat (although

!4 hitp: / /ned.ipac.caltech.edu/
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Figure 10. Time-averaged calibrated data at 1050-1135 MHz and 1313-1450 MHz. Top panel: spectrum after flux calibration (blue) and baseline fitting (orange).

Bottom panel: baseline subtraction result.

there is a bump near 1390 MHz for day 2 and day 3, which
could be RFI). Such a spectrum may arise due to different
values of the background intensity at the ON position and
OFF; position, and the variation in overall amplitude may
reflect the variation in the gain and baseline (details are
discussed in Section 6.1). For the lower frequency band
(1050-1150 MHz), aside from differences in the overall
amplitude, there are also variations in the shape of the band,
which may be due to RFI contamination.

We also show the ON-OFF;(i = 1, 2, 3, 4) spectra for the
different OFF regions in the right panel of Figure 9, with all
days of data combined by averaging. Here, again, we see there
are significant differences, especially in the lower frequency
band. Also, the spectra for the pair ON-OFF,; and ON-OFF,
are more similar to each other, while the ON-OFF; and
ON—-OFF, spectra are more similar to each other. These
spectral variations limit our ability to detect spectral features in
the observation.

In the all-time averaged spectra, as shown in the top panel of
Figure 10, there are still variations at the several mly level.
Such fluctuations may come from the sky background
variation at different positions, or the change of system
performance during observation, e.g., disparity of the system
temperature at different zenith angles (P. Jiang et al. 2020).
These spectrally broad features can be separated from the
narrow-frequency feature we are searching for. To facilitate
the subsequent processing, we have tried a number of
approaches to fit the broadband spectral variation, such as
median filtering, Hanning smoothing, extreme envelope curves
(D.-J. Liu et al. 2022), and asymmetrically reweighted
penalized least squares (arPLS; S.-J. Baek et al. 2015; B. Liu
et al. 2022). In the end, we chose the arPLS algorithm, which
is excellent in getting an overall fitting curve while retaining
the candidate signal.

We take the data given by
y=s+b+n, (15)

where s denotes signal, b is the baseline, and n is the noise.
The baseline b is determined by minimizing

Q= —bTW(y —b) + \b"D"Db, (16)

where \ is a smoothness parameter that is set to 107 in this
work, and D is a second order difference matrix,

I =2 1 0 0 0 0
p=|0 0 20 000 an
00 0 0 « 1 —21

The diagonal weight matrix W at the ith data point y; is defined
as

1. b < v, , o (18)

1

B {logistic(y,» —bi,mg,047), ¥ > b

where m,- and o, are the mean and standard deviation of d~,
which is in turn defined as the negative values of d =y — b.
The logistic function is

1

logistic(d, m, o) = TRy

(19)

where k and s are asymmetric and shifting coefficients, which
are usually set to be k = 2, s = 2 in arPLS. The initial b is
calculated by applying an identity matrix W, and the final b is
obtained after several iterations until W becomes stable. The
parameter values are carefully chosen, to balance the fitness
and smoothness. The residual baseline is then well subtracted
as shown in the bottom panel of Figure 10.
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Figure 11. The delay spectra of the observed data in 1050-1135 MHz (upper
panel) and 1313-1450 MHz (lower panel). The orange peaks are associated
with the standing wave components that we need to remove, and the red

dashed lines mark the delay 7 corresponding to the ripples at frequency
spectrum with period ~1.1 MHz (and its half frequency in the lower panel).

However, after performing the baseline subtraction, stand-
ing waves remain in the resulting spectrum. The reflection of
radio waves between the reflector and feed cabin of FAST
generates these standing waves, which show up as modulations
with a period of ~1.1 MHz in the frequency spectrum. This
has a large impact on the search for gegenschein lines, as the
modulation period has a comparable spectral width. The
amplitude and phase of the standing wave may vary over time.
We tried a number of different techniques to remove this
modulation in the data, including a model-dependent delay
filter (A. R. Parsons & D. C. Backer 2009; J.-X. Li et al. 2021),
and model-independent methods such as component removal
in Fourier space, which we ultimately use in our pipeline.

Before performing a delay transformation (i.e., Fourier
transformation of the frequency spectrum), we mask frequency
points that have been identified to be contaminated by known
RFIs, as the RFIs are usually much stronger and would
dominate the spectrum if left unmasked. Instead of directly
performing the Fourier transform, we use a Wiener filter for
delay spectrum estimation on the spectrum with masked gaps
(CHIME Collaboration et al. 2023).

In this approach, the frequency spectrum is modeled as

f=Fd + n, (20)

where f is the frequency spectrum, F is the unitary Fourier
transform matrix, d is the delay spectrum, and n is the noise.
The delay spectrum d,y is then estimated as

d, = D' + FIN-'F)y"'FIN-f, @21

where N is the noise covariance matrix with mask,
N~! = 67 2M, where o is the rms of f, and M is the mask
matrix, with 0 at masked frequencies and 1 otherwise; D is the
variance of the delay spectrum and is initially estimated as the
variance of the Fourier transformation result of the frequency
spectrum. See the appendix of CHIME Collaboration et al.
(2023) for a discussion on different delay spectrum estimators.

The delay spectra for our two working bands are shown in
Figure 11. The obvious peak at ~9.09 us shown in the orange
line corresponds to the ~1.1 MHz standing wave component.
We extract the standing wave component by performing an
inverse Fourier transform of the peaks in the delay spectrum.

Yang et al.

We have checked whether this procedure would remove the
signal we are seeking by adding a mock signal in the spectrum,
and find that it will not. We then perform the baseline
subtraction again using a median filter with a window width
~6 MHz for the baseline fitting, to remove small fluctuations,
which have been hidden in the standing waves before, and
further mask frequency points, which contain >20% refilled
values as mentioned in Section 4.1. After subtracting these
components, we obtain the result shown in Figure 12.

To improve the final signal-to-noise ratio of the spectrum, we
also perform a weighted average of the data for all days, beams,
and polarizations except for the bad data. The weighting factor
for the data of each day is set to be proportional to the total
integration time of that day, while the weighting factor for
different beams is set to be proportional to the expected flux
density at that beam. The data from the beams near the expected
gegenschein image are given higher weights, in order to
maximize the signal-to-noise ratio.

As noted above, the position of the Vela gegenschein is near
the Galactic plane, where the sky background has larger spatial
variations. We have observed four different OFF-source
positions (shown as white circles in Figure 4) adjacent to the
Vela antipodal point to reduce the influence of sky background
variation. After the baseline subtraction by applying the arPLS
method and standing wave removal, the residual ON—OFF data
for all OFF-source positions are expected to yield the same
gegenschein signal Sy, i.e., Son_orri = SoN_OFF2 =
Son—orr3 = Son—orrs = Sp. We can then construct an
estimator of Sy as the weighted sum of these.

If the noise is pure thermal noise, with O’%)N_OFE x 1/t,
where t; is the effective integral time of the ith ON and OFF
observation as in Table 2, the weights to maximize the signal
to noise ratio should be

where i = 1, 2, 3, 4, and fo = 2_it;, Which would yield
WOFF,] = 0473, WOFF,Z = 0164, WOFF,3 = 0182, and
WOFF 4 = 0.182.

However, in reality, the noise contains significant non-
thermal components, such as residual sky background, RFI
contamination, baseline, etc., so the total noise does not follow
the thermal noise relation . More importantly, the
signals in the ON-OFF data spectrum are not all the same,
because of signal loss while subtracting different OFF-source
data. Therefore, we use an alternative strategy to obtain the
best weights. We leave wopg, as a free parameter in the range
(0, 1), with the constraint > wopr; = 1, and vary them to
maximize

S/N = iZ(WOFH - SON-OFF)-

Otot j

Note that Son—oFr, are calculated using the beam model and
the gegenschein model (Equation (6)) normalized to eliminate
the unknown signal parameter g,,,, and the noise N is
estimated with our weighted averaged spectrum given wogg;.
In this way, the weights of the four OFF-source points are
found to be as follows:

1. 1050-1129 MHz: WOFF1 — 0115, WOFF2 = 0045,
worrs = 0.563, wopps = 0.277;
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Figure 12. The final spectrum after baseline subtraction and standing waves removal at 1050-1129 MHz and 1313-1450 MHz. The gray lines show data that are

severely contaminated by known strong RFIs and galactic H 1 signals.

2. 1313-1450 MHz: WOFF1 — 0413, WOFF2 — 0117,
WOFF3 — 0122, WOFF4 — 0.348.

Figure 12 is the final spectrum with these weights. After
processing the data, the final spectrum is ready for performing
a search for the target signal. The residual spikes in Figure 12
are caused either by RFIs, which include those that are stable
all the time or too weak to be flagged, or by fluctuations with a
width similar to our target signal. To avoid removing the target
signal, these residual spikes are kept at this stage.

5. Results
5.1. Detection Limit

We first estimate the sensitivity of FAST with parameters in
this observation using the general radiometer equation

2kB Tsys

ON — .
NaAitiu | Npot AVAL

The system temperature Tyys ~ 25K, the aperture efficiency
Nna ~ 0.7, and the illuminated area of FAST with a diameter of
300 m has Ay, ~ 70,700 m?, and Npo1 = 2 is the number of
polarization channels. We take the frequency resolution to be
Av = 0.12 MHz. The integration time At adopted here varies
on different days. For data set A, the time allocation is
ton = 120 minutes, fopr = 10 minutes. For data set B, for the
first 2 days, fon = forr = 70 minutes. For the last 3 days,
fon = torr = 60 minutes. For data set C, there are 4 days of
observation, and fon = fopr = 72 minutes for every day.

The combined noise level for each beam in each day should be

(22)

_ 2 2
ON,beam,day = \/ UN,ON,beam,day + UN,OFF,beam,day ’

which is approximately equivalent to the observation duration
of ~793 minute ON-source tracking and ~793 minute OFF-
source tracking in total. After that, we consider the weights for
different beams and OFF-source points as described in
Section 4.4 before stacking them together and calculating the
total noise level, i.e.,

_ 19 2 19
ON, total — \/Zdayzl(wdayzbeamzl(wbeamUN,beam,day)z) . (23)

10

The estimation gives expected values of ~6.3 pJy at
1050-1129 MHz and ~4.7 uJy at 1313-1450 MHz.

In the actual observation data, the rms of final spectrum is
~36.4 pJy for the 1050-1129 MHz band, and ~13.0 uJy for
the 1313-1450 MHz band, which are ~5.8 and ~2.8 times
higher than the expected noise, respectively. The higher-than-
expected noise level indicates that the noise in the final
spectrum is not purely thermal noise.

To derive an upper limit on g,., from our observations, we
use a method similar to Y.-F. Zhou et al. (2022) to calculate
the probability distribution of g, at each frequency channel.
The likelihood function is

L (ma7 gafyfy)

Nen 1

N 2
exp | — dl/,' - Ky, — Sz/i(ma’ ga'y'y)

;i N2moy, 2012,,,

where d,, is the data at the frequency v;, u,, is the mean value of
the background at 1;, which is set to zero here as we have
already subtracted the continuum baseline, S, is the theoretical
flux spectrum value at v; with the given axion mass n1, and g4,
and o,, is the standard deviation of the noise at that frequency, as
estimated from the data in the nearby ~10 MHz and corrected
by the correction factor Cpask (Vi) = /1 — fia W) where
Jmask(vy) 1s the mask fraction as introduced in Section 4.1. We
assume that the gegenschein emission signal has a Gaussian
frequency profile, centered at m, with the width o;, given by
0, = vjoglc, with the dark matter velocity dispersion
o, = 116kms™'. Given the theoretical gegenschein signal
model and FAST beam pattern, the relation between the peak
flux S,, and the axion—photon coupling strength g,., can be
calculated with the integral flux,

. (24

4.2
hc ary

16

Sobs(8ar) = [1a dpeobiaxae.  @s)
For example, for a mock gegenschein signal centered at 1400
MHz,

8ary

S, (v, = 1400 MHz) = 22| —————
¢ ) (10_10 GeV~!

2
) ply.  (26)
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Figure 13. The test statistic —21n A(g,,,) at five different values of the axion
mass as examples. The horizontal dashed line is 9y, = 2.71, with regions to

the right of the intersection being ruled out at 95% confidence for each value
of m,,.

This value varies with the different central frequency of the
axion signal.

Following the analysis in G. Cowan et al. (2011a), we use
the likelihood ratio A(g,.,) and corresponding upper-limit test
statistic to constrain g,.,. The test statistic g, at the fixed m,

and g, is defined as

L(ma, g,
= —2InA(g,,,) = —21nM ,

max

9, @7

ay

where L. = L(mg, gaw is the maximum likelihood,
and Qaw is the maximum-likelihood estimator, i.e., Qaw =

arg max, L(mq, g,,). This test statistic is only meaningful

-
for g, > ,,, when the likelihood tests have enough
constraining power (G. Cowan et al. 2011b). Examples of
this test statistic at five different values of m, (corresponding
to five frequency channels) are shown in Figure 13. The value

of 4, . (84, = C€) represents the strength of evidence to

exclude the parameter space g,,, > C, where C is a constant
satisfying C > g,... The value g, = @,,, corresponds to the
minimum value of the upper-limit test statistic, indicating the
maximum-likelihood value of g,... For a pure noise spectrum
without real or spurious signals (i.e., under the null hypoth-
esis), the minimum point of —2 lnA(gaw) is expected to be at
8avy = 0, as the blue, green, and red curves in Figure 13. In
contrast, the curves with Qaw > 0 indicate an excess in this
frequency channel that may be a potential axion echo signal, as
the orange and purple curves in Figure 13. In Section 5.2, we
quantify the significance of each candidate signal and perform
detailed checks to rule out the signal hypothesis.

Since the upper-limit test statistic aligns with the asymptotic
X2 distribution for 1 degree of freedom (S. S. Wilks 1938), the
95% upper limit of g,,, is given by —21nA(gaW) < 271
(G. Cowan et al. 2011a, 2011b), which is the intersection of
the colored curves and the horizontal red dashed line at
Uayy > Gay, in Figure 13. By constructing the upper-limit test
statistic for each frequency channel, we can obtain the 95%
upper limit on g, at each corresponding m,.

11
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The constraints derived from our observations are shown as
the blue solid line in Figure 1. The gaps at a frequency ~1090
and ~1380 MHz coincide with RFI-flagged regions. The
constraint on g,,, reaches ~2 x 107'°GeV~', which is
slightly weaker than the theoretical limit at most frequency
channels, as shown by the black dashed line, which is derived
from mock data with pure thermal noise assuming the same
observation parameters. We discuss the possible reasons for
these excesses in Section 6. Our results provide a stronger
constraint on g, in this axion mass range compared with
results obtained by a direct search for a possible axion decay
signal from a dwarf galaxy that uses FAST observations
(W.-Q. Guo et al. 2024), but is a factor of ~3 times
weaker than the CAST limit g,,,<6.6 x 107" GeV™'
(V. Anastassopoulos et al. 2017).

5.2. Candidate Signal

With some excesses seen in the likelihood ratios, we have
systematically checked the possibility of detecting axion
gegenschein at the frequencies where excesses are observed.
Our procedures are as follows:

1. Primary search. We calculate the discovery test statistic
qo at the fixed m,, similar to Equation (27) to quantify the
significance of a positive signal (G. Cowan et al. 2011a).
The discovery test statistic go here is analogously defined
as twice the logarithm likelihood difference between the
best-fit model and the null model, which has g, = 0,
ie.,

L (ma,

=0
g% =—21In Sar ).

(28)

max

The g, values at all frequency channels are shown in the
left plot of Figure 14. We record frequency channels with
qgo > 9 corresponding to the 30 detection (G. Cowan
et al. 2011a) as potential signal locations, where the
probability of a signal located at g, is significantly
larger than the null case g4, = 0.

2. Candidate combination. If potential signals appear at a
number of adjacent channels between [v, 1], we
combine them as one candidate because the expected
signal profile with the standard deviation o; ~ 0.5 MHz
is larger than the frequency resolution of our data
(Av = 0.12 MHz). We have also checked and found that
the width of each combined candidate is not larger than
the expected signal width. We record the frequency
channel with the largest g( across [v;, 1»] as the central
frequency v, of this candidate. The spectrum of one
candidate (near 1333.4 MHz) is shown in the middle plot
of Figure 14 as an example. We can see an excess at the
marked frequency channel.

3. Cross-check. To check if the candidates are real signals
or false identifications, we divide the data into different
subgroups according to the observation time and
cross-check between them. Specifically, we choose two
subgroups with the same integration time Ar =
270 minutes and theoretical signal loss. If one candidate
is a real axion gegenschein signal, we could expect the
consistency of detection between different subgroups and
the total data because the signal is supposed to be stable
with time. We calculate the likelihood for the spectra of
each group based on Equation (24). To quantify the
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Figure 14. Left: the blue line shows the g, at different frequency channels. Middle: the spectrum of candidate 5 as an example. The blue line is the observed
spectrum, the orange is the best-fit model, and the red dashed line marks the central frequency. Right: the likelihood distribution of candidate 5 with the spectra of

two subgroups at the frequency channel v, as an example.

consistency, we calculate the g, , as the likelihood
statistic of the ith subgroup (i = 1, 2) by
Li(ma, 8aryyi = gaw)

=-2In - , (29)
Li(ma, 84

where L;(m,, 8ayy, ;) is the likelihood function with data
in the ith subgroup, §,., and g, ; are the maximum-
likelihood estimator for total data and the ith subgroup
data, respectively. An example of the L(m,, g,,, ;) for
one candidate is shown in the right plot of Figure 14. If
g, i > 2.71 for either subgroup, we would regard this
candidate as a misidentification at 95% confidence level.
In other words, if QaW is ruled out by a subset of the data
at more than 95% confidence, we regard any excess in
the overall data as spurious.

Using our observational data and following this procedure,
we find a total of eight candidates after the first two steps.
However, none of them passed the cross-check. Thus, in the
present search, we do not make a positive detection and can
only derive upper limits on g,,,. With a more refined
understanding of the signal characteristics, further accumula-
tion of observational data, and continued optimization of our
data processing techniques, we aim to enhance our ability to
identify such signals in the future.

6. Discussion

As can be seen in Figure 1, the actual sensitivity as
estimated from the data is a few times lower than the
theoretical limit, showing that there are sources of error aside
from the thermal noise. In this section, we discuss the potential
origins of the excess error, as well as issues that may affect our
results.

6.1. Calibration Error

The calibration process is itself affected by thermal noise.
Taking data B as an example and using V,,, — V¢ to obtain the
bandpass, for V,,, the integral time in 10 minutes is 75 s, and
for Vg, it is 525 s; the estimated thermal noise is 8.26 mK in
Von, and 3.12 mK in Vg; for each 0.122 MHz frequency bin,
the estimated total thermal noise is then 8.84 mK. Considering
that Vo, — Vg corresponds to Ty, — Toff = Tnp ~ 1K, the
relative bandpass error caused by thermal noise would be at a
level of 8.84 mK/1K ~ 0.9%, consistent with the above
estimates.
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Figure 15. Comparison of normalized bandpass (normalized to data B, day 5,
MO1, xx polarization). Lines in the upper panel show bandpass normalized by
the median value, while lines in the lower panel display the relative bandpass
shape in comparison with the average of all time blocks. Lines with different
color represents different time blocks.

Now, we look at the real data and examine how large the
residue error is. In Figure 15, we show the change in bandpass
shape for each 10 minute time block. As the figure shows, the
variation is at the <1% level for 1 day of observation (one
beam and one polarization).

In the middle panel of Figure 9, the ON-OFF spectra on
different days are shown, and they vary significantly. This may
indicate that there is larger error in the bandpass from the ON—
OFF measurement than expected from thermal noise. Con-
cretely, if we denote the sky background intensity at the ON
position as by, at the OFF; position as b;, and the gegenschein
signal we are searching as s, then the ON-OFF, difference for
day « is

Ai,(y - VON,(y - VOFF,',(Y
= 8,(bo +5) — (g, + 68,)bi
= g,(by — b)) — 0g,bi + 8,5, (30)

where g,, is the average gain on day o when observing the ON
region, and dg,, is the average gain difference when observing
the ON and OFF; region on day «, i.e., the variation within the
day. In this expression, we have neglected radio interference
and thermal noise. The signal s should be narrow in frequency,
so the ON-OFF,; differences over the wide frequency range
should be due to the first and second terms in the last line of
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Figure 16. Histograms of the residual normalized bandpass g..(v, ) in day 1
of data set A and day 5 of data set B. Statistical results of data set A and B are
shown by red curve and the blue curve, respectively. The Gaussian fitted
results of the histograms are plotted with gray dashed and dotted line.

Equation (30), while the day-to-day variation should be due to
variation in g, and 0g,,.

From the left panel of Figure 9 that shows a 1 day
observation result, we can see that on this day, at the
1050-1150 band, the flux g.b3 ~ 2.2 Jy, while, at the
1300-1400 band, g,b; ~ 1.8 Jy, so for a rough estimate,
we can take g.b; ~ 2 Jy. Also from this figure, we can see that
the first term in Equation (30) g.(bg — b3) ~ 0.1 Jy; thus, the
second term, using the g,b3 ~ 2 Jy derived above, is at the
~2% Jy level.

With these estimates, we can look at the day-to-day
variation of A3 = ON—OFF; shown in the middle panel of
Figure 9 again. For different days «, the amplitude A varies
between 0.01 and 0.1 Jy, which is comparable with Aj itself. If
this is due mainly to the first term in Equation (30), then it
arises from the variation of g, but as the gain g, is absolutely
calibrated, it is unlikely that there is such large variation. More
likely, it originates from the second term in Equation (30), due
to the variation in 6g,. Taking the total range of variation as
0.1 Jy, and using the estimate of the second term obtained in
the last paragraph ~2% Jy, we estimate % 50, However,

the value in this estimation is more like a&;; upper limit in the
worst case, while the typical variation is at the 1% level.

Finally, the right panel of Figure 9 shows the result for
subtracting different blank fields. Each blank field may have a
different background intensity and spectrum, so some variation
is expected. These results are derived for the combination of
several days observation, so the magnitude is smaller than the
1 day observations shown in the left and middle panels. The
ON—-OFF, and ON-OFF; spectra are similar; while
ON—-OFF; and ON—OFF, spectra are similar, this is likely
due to the similarity between the OFF, and OFF; spectra, as
well as between OFF; and OFF, spectra.

We also compare the bandpass error of the two different
calibration modes for data sets A and B as described in
Section 3. We define the residual normalized bandpass g as

gerr(l/’ t) = gnorm(u, t) - [g(V)g(t)]norm (31)
to represent the error between the real bandpass g,om (¥, f) and
our estimation [g(2/)g(#)]norms Where gnorm(¥, 1) is given by the
unsmoothed V,,(v, 1) — Vy(v, t) normalized by their median
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Figure 17. The error bar due to uncertainty in calibration process. The upper
panel show absolute error while the lower panel shows the relative error. The
solid lines represent our fiducial results, and the colorful shadows mark the
region of errors. The gray shadow shows result from CAST
(8ayy £ 6.6 X 1071 Gevh (V. Anastassopoulos et al. 2017) for comparison.

value, g(v) is the smoothed bandpass variation, and g(¢) is the
smoothed temporal fluctuation of the bandpass. Here, the time
resolution is set to be ~8 s (the same as the noise injection
period in data set B) for easier comparison. The histograms of
Zerr and the Gaussian fits are shown in Figure 16. The overall
deviations estimated from the mean values of g.., are puy =
—0.002, pp = 0.010, indicating an error of <1% during our
bandpass estimation process. The standard deviation of the
Gaussian component for data set A is slightly smaller than that
from data set B. There are non-Gaussian tails in the histogram
representing large g..,, but they are still a very small fraction
(N/Nion < 107%) of the total, and are similar for the two
data sets.

Based on the analysis above, we estimate the flux error due
to bandpass calibration as ~1%. Its influence for the constraint
of g4, is shown in Figure 17, which is ~0.5%.

6.2. Residual Components

Although strong temporal interference is removed through
RFI flagging, there are inevitably residual RFIs. As our
analysis is approaching sensitivity at the pJy level, this
residual RFI cannot be neglected.

We display four spectra obtained from 1 day’s observation,
respectively, and the averaged spectrum from these 4 day
observations in Figure 18 after the baseline and standing wave
removal. The rms values of each spectrum are listed in
Table 3. The noise level does not decrease as much as we
would expect according to Equation (22), which confirms that
the spectra contain more components beyond thermal noise.
Possible origins of these extra components are RFIs, baseline
residuals, standing wave residuals, 1/f noise (W. Hu et al.
2021; Y. Li et al. 2021), etc. Considering the risk of
oversubtracting a real signal, it is necessary to be conservative
while trying to avoid these extra components (e.g., not using
too narrow a window for baseline subtraction to better fit the
fluctuations). Therefore, similar to emission/absorption line
signal detection, some better approaches for baseline/standing
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Figure 18. Spectra from 4 days for ON-OFFj; observation. The four colorful lines represent each day’s spectrum, respectively, and the black line shows the spectrum
for 4 day averaged data. Note that we move some spectra up to make all lines clear to see. All of them are actually centered at zero.

Table 3
The rms of Each Spectrum in Figure 18

Observation Day rms

(pJy)
16 46.3
17 47.7
18 50.3
19 452
all 4 days 30.0

wave subtraction and RFI-contaminated data recovery may
improve the results.

To quantify the residual RFI and other possible sources of
nonthermal noise, we make a histogram of the spectral noise in
Figure 19. The noise should follow a Gaussian distribution if
the RFI is successfully removed. We fit the histogram with a
Gaussian function, and look for the residuals caused by the
imperfect RFI removal. The non-Gaussian excess noise
increases the rms by ~35% and ~8% for the two frequency
bands, respectively.

We also examine the effect of a stricter RFI-removing
procedure. For each time session, we smooth the time-ordered
calibrated data at each frequency point d,,(t) over time by a
median filter, and subtract the smoothed temporal baselines
b,(t). The resulting difference, n,(t) =d, (t) — b, (¢), is
closer to a Gaussian distribution. We calculate its rms and
record rms,,/ [/t obs — fy.masked @s the projected error at v;.
However, the method to remove RFIs here is not suitable to be
applied in our data processing part because a real signal will
also be subtracted after this treatment, so we just use it to
estimate the ideal noise level if all RFIs are well removed.

Based on the noise spectrum derived above, we find that the
effect of residual RFI contributes to an error depicted as a red
shadow in Figure 20. The result is improved, reaching the
result from CAST (~6.6 x 107! GeV ') at some mass range,
which is about 2 times better than the constraint shown in
Figure 17. Based on the size of this error, a reduction of
residual RFI in the future could lead to a constraint on g, that

1050-1129MHz
6 =0.027

1313-1450MHz
c=0.012

N/ Ntotal

02 -0.2 0.0 0.2
OFlux [mly]
Figure 19. Histogram (blue lines) of noise in the final spectrum at frequency

band 1050-1135 MHz (left panel) and 1313-1450 MHz (right panel). The red
dashed lines show Gaussian fitted curve of the histogram.
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Figure 20. Similar to Figure 17, but depicting the error due to the
residual RFI.
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Figure 21. The pointing error in R.A. (6R.A., top panel), and decl. (édecl.,
second panel), offset distance (dr, third panel), and zenith angle (64, bottom
panel) during tracking observation in the 2022 observation season (B time).
Different colors represent data from the 5 different days.

is about twice as strong as the constraint shown in Figure 1,
which would be stronger than the CAST limit for some values
of the axion mass.

6.3. Pointing Error

Although the telescope tracks the position of the gegenschein,
its pointing is prone to some amount of error. As shown in
Figure 21, the deviation can reach up to ~1’ during the
observation in 1 day. The deviation may also be correlated with
the zenith angle, which is 20° ~ 30° in most days. We quantify
the variation of the received signal induced by this effect
through simulation. The gegenschein intensity is given in
Equation (4), then the observed flux with or without pointing
error is calculated using Equation (6) with the Gaussian beam
model given in P. Jiang et al. (2020). The variations of the target
source flux (i.e., ON—OFF) at 1250 MHz observed by the 19
beams for an offset of SR.A. = —1’ and ddecl. = —0.5 (which
is close to the real offset) are shown in Figure 22. While using
OFF3 or OFF4 for background subtraction, the influence of the
pointing error is negligible (<0.5%). However, the condition is
more serious for OFF1 and OFF2. For a single beam, especially
those at the outer ring, e.g., Beam 08 in ON-OFF2, the flux
variation could reach ~100%. Nevertheless, the weighted
averaging of the 19 beam data reduces the deviation to
~2.5% (—2.64% for OFF1 and 2.55% for OFF2, respectively),
thanks to their symmetric distribution and the lower weights of
beams at the outer ring. This variation is insensitive to
frequency. The 1’ deviation adopted here is a conservative
estimation. The pointing error for most of the time is smaller
than this value, typically ~0.3—0.8. Here, we assumed that the
pointing measurements are precise enough that its error can be
neglected. The estimated influence of the pointing error to the
constraint is therefore only about 1% ~ 2%.

6.4. OFF-source Points Selection

The two OFF-source points used in data set A and B are
fairly close to the expected gegenschein center, so there could
be some gegenschein signal even at the OFF-source points. The
loss of signal for the weighted spectral average of the 19 beams
is estimated to be about 37% for OFF1 and 36% for OFF2,
compared to ideal background subtraction. For the two farther
OFF-source positions OFF3 and OFF4 used in data set C, the
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Figure 22. The simulated impact of pointing error (SR.A. = —1,
ddecl. = —0.5) at 1250 MHz. Upper panel: flux density of the 19 beams

with (dashed lines) or without (solid lines) pointing deviation. Lower panel:
relative variation in flux. Different colors represent the results for the four
different OFF-source points.
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Figure 23. The flux spectra of different observations. The blue curve shows
the spectrum at OFF-source position 1 in data set A. The orange and green
curve represent spectra at OFF-source positions 1 and 2 in data set B. The red
and purple lines are OFF-source position spectra in data set C, respectively.

signal loss is significantly improved to be only about 2%.
However, although taking a more distant OFF-source position
could reduce any residual gegenschein signal, it is also less
reliable for sky background subtraction. This is especially true
in this region of the sky, which is close to the Galactic plane,
where galactic radiation can vary significantly. Hence, there is a
balance between background subtraction and signal loss.

The observed spectra of the central beam (MO1) at the four
OFF-source positions are shown in Figure 23, from which we
can see a similarly undulating spectral shape and a disparity of
0.01-0.4 Jy between the curves. This is consistent across the
data from all 19 beams. The difference between observations
pointing at the same position (the blue and orange curves in
Figure 23) is likely caused by system variations, such as the
change of the system temperature with zenith angle, which
would be a few tenths of 1 Jy, as inferred from the measurement
of P. Jiang et al. (2020). The similar shape of the spectra at the
different OFF-source positions (the orange and green curve in
Figure 23) indicates the similarity of the sky background.

7. Summary

In this paper, we present the results of a pilot search for the
axion gegenschein signal that would be induced by Vela SNR
using FAST in the mass ranges 8.70 peV < m, < 9.44 eV and
10.85 peV <m, < 12.01 pueV. We search for the expected
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spectral line emission signal but observe no convincing
candidate signal after performing statistical cross-checks.
The nondetection of an axion signal gives a constraint on the
axion—photon coupling strength g,.-, which we constrain to be
smaller than ~2 x 107'°GeV ™' in the two mass ranges we
consider. Our analysis shows that nonnegligible errors present
in the data are mainly caused by residual components such as
RFIs, baseline, and standing waves, while the influence of
pointing error and calibration processes can be safely ignored.
Our work has verified the feasibility of using the axion
gegenschein technique, and the forecast result shows that the
constraint is likely to be made tighter than CAST with ~2000
hr ON-OFF mode observation in the future.

Axion gegenschein is a promising method for axion indirect
detection at radio frequencies. Compared with terrestrial
experiments, these kinds of astrophysical approaches are more
robust to any local nonuniformity of dark matter. The SNR
gegenschein also gives a tighter constraint than other
observable targets like dwarf galaxies or the Galactic center
because of the combined effects of the angular extent of the
source and the dark matter density (O. Ghosh et al. 2020).

Future axion gegenschein searches can be extended and
improved by observing additional sources (e.g., Y. Sun et al.
2024), more effective data processing methods for weak signal
detection, and more integration time.
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