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Abstract: Stimulated decays of axion dark matter, triggered by a source in the sky, could produce a photon flux along the continuation of the line of
sight, pointing backward to the source. The strength of this so-called axion "echo" signal depends on the entire history of the source and could still
be strong from sources that are dim today but had a large flux density in the past, such as supernova remnants (SNRs). This echo signal turns out to
be most observable in the radio band. | will present the sensitivity of radio telescopes such as the Square Kilometer Array (SKA) to echo signals
generated by SNRs that have already been observed. In addition, |1 will show projections of the detection reach for signals from newly born
supernovae that could be detected in the future. Intriguingly, an observable echo signal could come from old "ghost” SNRs which were very bright
in the past but are now so dim that they haven't been observed.

Zoom Link: https://pitp.zoom.us/j/910762033872pwd=UzNva3N4Zi9mV 3BKM | vUnhtRX RZdz09
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What is an axion ?

a periodic pseudo-scalar field
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Strong CP problem: QCD axion

Peccei, Quinn; Weinberg; Wilczek; Kim; Shifman, Vainshtein, Zakharov; Zhitnitsky;
Dine, Fischler, Srednicki 1977 - 1981
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Other applications

Natural inflation

Dark matter candidate Muon g-2
Freese, . i\ s !'L .
2 3

Marciano, Masiero, Paradisi,
Passera 2016; Bauer, Neubert,
Thamm 2017; Buen-Abad, Fan,
Preskill, Wise, Wilczek; Dine, Reece, Sun 2021

Fischler; Abbott, Sikivie 1983

Frieman, /“\
Olinto 1990 -

| | -
Silverstein, Westphal, McAllister 2008
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Terrestrial Experiments: DM radio,
Casper, ABRACADABRA, ADMX...

Model Building:

gobeyondvanilla  Axion (ALP and QCD axion)

Astrophysical/Cosmic Probes:
CMB, gravitational waves,
stars, galaxies....
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A new astrophysical probe of couplings
of axion DM

Buen-Abad, Fan, Sun;  Sun, Schutz, Nambrath, Leung, Masui 2021
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Axion-photon coupling: —

Spontaneous decays

axion at rest
a
NP

E =mJ/2 E,=m,/2

Stimulated decays

g n observer

. .
®
E =m,2

Y

source

Analogous to laser, decay rate enhanced by the
large occupation number of the external photon
flux.

All wavy lines: photons; red wavy lines: photons
from axion decays; blue wavy lines: photons

emitted by the source.
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Stimulated axion DM decays

S a

photon flux

photon energy

Caputo, Regis, Taoso and Witte 2018
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Stimulated axion DM decays

S a

photon flux

» photon energy

Caputo, Regis, Taoso and Witte 2018
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Axion echos

S a . “echo” ¢
. NGO\ ANNAINNANPANANPANANN
o
photon flux
Less background !

A

Arza, Sikivie 2019 (S: very powerful microwave beam); Ghosh, Salvado and Miralda-Escude 2020 (S: Cygnus A
radio galaxy, one of the most powerful constant radio sources in the sky)

- photon energy
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Axion echos from the entire history of the so

source observer

A
A
A

echo

>0 0 ©
|
>

signal at 7,
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Axion echos from the entire history of the so

Perimeter-A

source observer

/\ . /\ Dim old source
which used to be
g /\ . ‘—/\ very bright could
lead to a strong

Nooe

echo

signal at 7,
Signal is integrated over the entire history of the source
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Flux density observed today

Boltzmann equation:

Sh=Clhl Clil=gp [0 [o0 MP (f+ i+ 1) — ifa) (@n)'6 e —p1 92

m,

= Echo flux density at frequency v, 2“ = , averaged over the bandwidth A
n 4n

fraction of signal within  axion spontaneous decay width (m, , g, )

bandwidth —

Va,,e fA 3 > / dz pa(a?, —ﬁ*) Sva,,s(tage — 23;) e—'r(u,:c,—ﬁ*)
a. 0
bandwidth A ~ v, 6, (o, :
DM velocity dispersion)
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Flux density observed today

Perimeter-A

age of the source 7: optical depth (important

: close to the galactic center)
tagd/2 dark matter densi N .
Svae = 2E3Au oz Qve, B

source flux density at an earlier time 7,,, — 2x:

fage ~ (10° = 107) years = Xy ~ 10kpe echg photon emitted at a distance x away from us
was produced by light that first passed us a time
2x away.

source photon

echo photon
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Flux density observed today

Boltzmann equation:

Sh=Clf) Oll=g [o00 [DR2 AP (full+ fit f2) — fife) @)'6*a—p1 = po

m,

= Echo flux density at frequency v, = 2“ = , averaged over the bandwidth A
n  A4n

fraction of signal within  axion spontaneous decay width (m, , g, )

bandwidth _ /ﬁ'
age

ya,e fA 3 B / dx pa(a?, —ﬁ*) Sva,,s(tage — 233) e—'r(v,:t:,—ﬁ*)
a 0
bandwidth A ~ v, o, (o, :
DM velocity dispersion)
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Effect of dark matter peculiar motion

Perimeter-A

a) Effect of dark matter peculiar motion b) Enlarging collecting solid angle

peculiar motion

tyoe! 2 Lyoe 1k
26 ~ 2av£ ~ 26,—— ~ 10 arcmin = - ‘-
D D 10-3 10% years D

source size: ~ 85 arcmin (1.7 degree)
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Axion echos

Perimeter-A

S a O “echo” g
2 8% A Y ANNAGNNANSANANAPANANN
MW
photon flux
Less background !

A

Arza, Sikivie 2019 (S: very powerful microwave beam); Ghosh, Salvado and Miralda-Escude 2020 (S: Cygnus A
radio galaxy, one of the most powerful constant radio sources in the sky)

- photon energy
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Axion echos from the entire history of the so

Perimeter-A

source observer

/\ . /\ Dim old source

which used to be
g /\ . /\ very bright could

lead to a strong

/\ . P /\ signal !

echo

signal at 7,

Signal is integrated over the entire history of the source
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Supernova: powerful stellar explosion

Perimeter-A

SN2016aps M.Weiss
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Axion echos from supernovae remnants

Perimeter-A

L, (luminosity)

ka =

free expansion

adiabatic

|| 1 t
tpk ttran
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Axion echos from supernovae remnants

Spectrum: 0 E;a a: spectral index

L, =S, (47D*) = Lioms (7o)

Spectral index of 220 SNR

80

60
g
g 40
Z

201

0 T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0
[0}

Perimeter-A
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Phase 1: Free expansion phase

Shock wave expands with a radius r « ¢, the time elapsed after the explosion. Before
the power law falling, optical depth due to free-free absorption and synchrotron

radiation drops over time, leading to an exponential rise in the luminosity. Can last
O(tew X 100) years.

’ ¢ —1.5
Lr/,free(t) = Lu,pk 65(1_tpk/t) (—)
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ok

Parameter mean (u) | standard deviation (o)
logyg (geifip=r) | 255 1.5
loglo ((;;);S) 1.7 0.9

Bietenholz, Bartel, Argo, Dua, Ryder and Soderberg 2011.11737

from - O(100) young
supernovae in the

radio band
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Phase 2: Adiabatic expansion phase

Perimeter-A

Approximate energy conservation. Pressure behind the shock waves push away
surrounding material. Hydrodynamical estimates show r o . Can last O(few x 10%)
years.

t T
_ 4
Ly’ad(t) = Ly tran (ttran) G — g(2®+ 1) >0
Lv,tran = Lv,free(ttran) ) spectral index
! —:
Lv,ad(t) = LV,U (t ) 3
age

Or
Lu,ad(ttran) — Lu,free(ttran) .
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Observed SNRs

294 SNRs observed and collected in the Green catalogue. Green 2014-2019

SNRcat catalogue includes age estimates for some of the SNRs. Ferrand and Safi-
Harb 2012

SNR formation rate: ~ 0.02 - 0.03/ year (Tammann, Loeffler and Schroeder 1994). Over
a time scale of 10° years, about 2000 - 3000 SNRs in the Milky Way. The deficit

could be due to selection criteria on surface brightness and angular size (Green,
2005 - 2019).
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Radio Telescope

Perimeter-A

We consider Square Kilometer Array (SKA) - phase 1.

SK A1-low: e frequency range: 50 MHz — 350 MHz;
e number of stations: 512;
e cffective diameter of each station: 38 m;

e longest baseline (separation between two stations): 80 km,

SKA1-mid: e frequency range: 350 MHz — 15.4 GHz;

e 133 dishes with a diameter of 15 m (SKA dishes), 64 dishes with a diameter of 13.5
m (MeerKAT dishes);

e longest baseline: 150 km.
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Single-dish mode | Interferometer mode RS
Angular resolution set by diameter Angular resolution set by the
of the dish: baseline (separation of two

\ /GHZ\ /15 m te.lescc')pes): finer resolution; but
Ores =1.22| 5 | rad ~ 1.4 | — J will fail to detect an extended

signal with size above the
resolution.

A L GHz 100 m
= (2) a0 (S0 (150)

As frequency Zncreases, the
number of baselines contributing
to detection of a given signal could
decrease!
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Single-dish mode

Angular resolution set by diameter
of the dish;

Signal to noise ratio enhanced by
\/N if there are N single dishes.

Pirsa: 22020069

Interferometer mode

Angular resolution set by the
baseline (separation of two
telescopes): finer resolution; but
will fail to detect extended signal
above the resolution.

Signal to noise ratio enhanced by
VN — 1)/2 if there are N
telescopes in the array, provided all
the baselines contribute to the
detection.
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Signal to noise ratio

Perimeter-A

Signal power: total collecting area
Py, < S, Av At/
average flux density
2. Ta iy A2
1 . Proi, unit = A = \/5 1 B ox |
Noise power: o1, unit V2ZAU tops oxE (t0b5>

T,y : system noise temperature, dominated by the synchrotron background
from the Milky Way or extragalactic sources

f.1s - Observation time.
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Radio Telescope

Perimeter-A

We consider Square Kilometer Array (SKA) - phase 1.

SKA1-low: e frequency range: 50 MHz — 350 MHz;
e number of stations: 512;
e effective diameter of each station: 38 m:;

e longest baseline (separation between two stations): 80 km,

SKA1-mid: e frequency range: 350 MHz — 15.4 GHz;

e 133 dishes with a diameter of 15 m (SKA dishes), 64 dishes with a diameter of 13.5
m (MeerKAT dishes);

e longest baseline: 150 km.
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Phase 1: Free expansion phase

Shock wave expands with a radius r « ¢, the time elapsed after the explosion. Before
the power law falling, optical depth due to free-free absorption and synchrotron
radiation drops over time, leading to an exponential rise in the luminosity. Can last
O(tew x 100) years.

2 ¢ —1.5
Lv,free(t) — Lu,pk 65(1_tpk/t) (—)

ok
Parameter mean () | standard deviation (o)
= from - O(100) young
logg (erg Sfl’plﬁrl) 25.5 1.5 supernovae in the
o radio band
loglo (ﬁys) I 0.9

Bietenholz, Bartel, Argo, Dua, Ryder and Soderberg 2011.11737
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Results SNR; G30.7-2.0 (3 x 10* — 10°) years ol -
10~ 10° 10!

.t =3000 days
Lot =3 % 10% erg 57! Haz™!
adiab. only

1oz

Gayy [GeVTY]

10—11

A I IO | SR | [ I

10°° 10°° 1074

my [eV]
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Perimeter-A

Not among the brightest
radio source today !
Brightest extrasolar radio
source around/above 1
GHz, Cas A (also a SNR
of 340 years old), is - 30
times as bright as this
one.
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Results SNR: %3;19.]7-2.0 (3 % 10* - 10°) years ol
1% Z
10_1 100 ]_O1 Perimeter-A
free+adiab:
tpr =3000 days
Ly =3 x 10* erg 57! Hz !
== adiab. only

Not among the brightest
radio source today !
Brightest extrasolar radio
source around/above 1
GHz, Cas A (also a SNR
of 340 years old), is - 30
times as bright as this
one.

tiran = 200 years

1010

Gayy [GeV]

- interferometer

10—11

L1111l i | SRS Ll il
105" 167 104

mq [eV]
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Flux density observed today

Perimeter-A

age of the source 7: optical depth (important

close to the galactic center)
tagd/2 dark matter densi
Sae = 2E3A1/ 4 AN

source flux density at an earlier time 7,,, — 2x:

fage ~ (10° = 10°) years = xq ~ 10kpe  echg photon emitted at a distance x away from us
was produced by light that first passed us a time
2x away.

source photon

echo photon
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Axion echos from supernovae remnants

Perimeter-A
L, (luminosity)

He o

i
|

free expansion

|

:
i adiabatic
[ ]

' t
tpk ttran
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Results SNR: %3}19.]7-2.0 (3 x 10* - 10°) years ol
157 10° 10!

et =3000 days
Lok =3 x 100 erg s7! Hz !
== adiab. only

1g740

Gayy [GeVT

10—11

|

[ [ 1 1% | JO | O | [ I

10°° 16 14

my [eV]
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m’“

Perimeter-A

Not among the brightest
radio source today !
Brightest extrasolar radio
source around/above 1
GHz, Cas A (also a SNR
of 340 years old), is - 30
times as bright as this
one.
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SNR: (39.7-2.0 o
Perimeter-A
For a given
(ran » 1) » Lok 18
determined. s
s
1071 Q
<
m, =1076 eV
(v, =0.1 GHz)
100
1036
1 1 107900 300 300 400 500 600 700 800 900 1000 077
Ly :ergs™ Hz o [hases]
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For a given

(ttran ’ tpk) ; ka 1S
determined.

L, :ergs ' Hz™'
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SNR: G39.7-2.0

1g710
Perimeter-A
2 &
B 10°E o e
LR _mean of £ ..
o - \ &
= - |
10l L1
o 16 of Lok —T 1
100
10-1 [~ | | | \ l | | 10-12
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SNR: G39.7-2.0 n

10—10

Perimeter-A

For a given
(iran > Tk > Lk i e
determined. - 108 ®
= = =3
3, F10-11'Q
2 <
- m, =1076 eV
x\ﬁi (va=0.1 GHZ)] G39.7-2.0 is an
0 . .
- source in the past!
10-1=—__1 | | | \ | | | 10-12
ka : erg S—l Hz—l 100 200 300 400 500 600 700 800 900 1000
tiran [years|
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1

Other
Uncertainties
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spectral
index
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Young bright supernovae?

Benchmark D (new)
({,0) (40°,0°)
65 [arcmin] 1.0(x)
SDi,e 3¥] | 21 x 10°(+) | Flux density
LiGHspk [cgs] | 1.2 x10% comparable
i 1d 50 to the solar
pi [da] burst
tiran [year] 4.1
D [kpc] 0.5
ltage [Yeal'] 10
o 0.65
3 1.84(x)
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Perimeter-A

Sensitivity for SNR benchmark D
v [GHz
101 10° 10t

107°

| interferometer

RN ! R
T" 10~ 1074
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} Perimeter-A

Axion echoes from time-varying source such as SNR is a possible new way to probe
axion dark matter and its coupling to photons. The sensitive could be better than
constant sources such as from Cyg A.

A strong echo signal, in the opposite direction of the source, could be from an old dim
source which was very bright in the past.

— More precise modeling of SNR light curve (¢, , L , @ could improve the estimate.

— “Ghost” source: a radio line signal with no bright source in either direction along
the line of sight. A way to do SNR archaeology ?
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