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Axion Field ¢

Scale Factor a/a;

Ry

Axions

® are originally motivated by the strong CP problem;
® are natural light states that appear in many UV models;

® provide interesting non-thermal DM candidates.
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Axion(-like particles)

— 9a4w aFH,,ﬁ‘W = JayyaE - B

® One of the most studied axion couplings probed in lab.

e Astrophysical environments provide perfect conditions to study
effects during 7 propagation:

SNIa/GC
dist. meas.
(2011.05993)

{ ® magnetic field at large scale

® |long “v baseline” } ,@\\&
® high ~ occupation number <
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Spontaneous Decay v.s. Stimulated Decay
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Spontaneous Decay v.s. Stimulated Decay

|E) : excited atom,

‘G) o ground state atom = LASER (Light Amp. by Stimulated Emission of Radiation)

|E) : axion,

|G) : photon = "ASER" (Axion Stimulated dEcay Radiation )

Transition: axion state decays to a single photon state by emitting

another photon.
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Axion Stimulated Decay

Sy flux density
[Jansky], power per
area per frenquency

Conditions: :;;Ece:"’atb"
® F=my/2 (decay, momentum conservation)
® large occupation number (Sy x B3 . Q- f)
® reasonable background (detectable)
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Axion Stimulated Decay

Sy flux density
[Jansky], power per

Conditions: area per frenquency
o [ — ma/Z (decay, momentum conservation) f: occupation
number
® |arge occupation number (Sy o< B3 . Q- f)
® reasonable background (detectable)

= m, ~ 107° eV ~ O(1) GHz
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Axion Stimulated Decay

Conditions:
o [ = ma/Q (decay, momentum conservation)
® large occupation number (Sy o< B3 . Q- f)
® reasonable background (detectable)

= mg ~ 107° eV ~ O(1) GHz

Signal dependence:
® stimulating source S, (astro)
® axion DM density (astro)

® Gavy, Mg (fundamental)
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Sy flux density
[Jansky], power per
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Where to look for signals

Two photons, flying back-to-back in line of stimulating photon

(p conservation)

V\/W}BG
VeV VeVl
T

gcho s?ynaé
V\Nv [ )
axion _—> /arloan{ 5'1;7“[
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Where to look for signals

Two photons, flying back-to-back in line of stimulating photon

(p conservation)

e NS
g

gcho s?ﬂnaé 4
LN~ o LN =N
axion. — / orward s'v"]m.[

~ along original

® Galaxy center
e dwarf galaxies

e M87
(Caputo et al. 1811.08436)
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Where to look for signals

Two photons, flying back-to-back in line of stimulating photon
(p conservation)

—

—
LN }565
\ gcho s?(yn-[ NS
é\ LN [ ] T

|V a Ve Ve Vol
— axion —— /arzuam{ 5'2744.[

~ flying backward * “echo” ~ along original

e Artificial photon beam (Arza and sikivie, ® Galaxy center

1902.00114; Arza and Todarello 2108.00195) ° dwarf galaxies

® Cygnus A (Ghosh et al. 2008.02729) e M87

® Time-varying radio sources (our work) (Caputo et al. 1811.08436)
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Benefit of echo signal?

Hints:

® [ ow background

e Strong signal from sources that look

dim today
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distance

time

{
|

stim. decay

signal + background

® Forward signal: arrives together with ~ triggering the decay
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distance

source —_—
L -
2 .
axion
3 N
time > »g“
stim. decay
I I ‘*7 é
signal background

® Forward signal: arrives together with ~ triggering the decay
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distance

source —_—
axion
DM
N
time n Q
29
~——
stim. decay
ZAE
signal background

® Forward signal: arrives together with ~ triggering the decay
® Backward signal:
® separated from v that generate them
® not directly related to the radio source brightness at detection
time
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distance

- axion
DM
~&
.
W—J
stim. decay
—
n 77
2

—
signal background

® Forward signal: arrives together with ~ triggering the decay
® Backward signal:
® separated from ~ that generate them
® not directly related to the radio source brightness at detection

time good candidates: Supernova Remnants
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decoy widthy SHnwlatio
! N / 8 (
dux Pa (.%‘) Sr/ (tage - 2'1")

axion DM d_(w\sv\-a
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Interlude Summary

® Axion stimulated decay

® Echo: historically bright radio sources
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Interlude Summary

® Axion stimulated decay
® Echo: historically bright radio sources

Next:

® Supernova evolution
¢ Signal and noise at SKA

® Results and discussions
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SN Remnant Evolution




[&— 1. free —+>k— 2.adiabatic —>|
|

= Y —log(t)

peak ,'tran
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[&— 1. free —+>k— 2.adiabatic —>|
| | N

/1»«‘; tiran to - log(t)
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y 1.5
L(f) — L]n‘;\k (‘Lj(‘l tpeak/ /> ( ! > .

/1w:|k

L(t) = L(tiran) ( ! )ﬂ

ttran

[&— 1. free —+>k— 2.adiabatic —>|
|

et > log(t)

peak ttran
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Phases of SNR Evolution

S
// |
/ |
/ |
/ |
/ I t \ "
/ | L(t) - L(ttran) ( )
/' | ttran
/ |
/ |
Logr—f——————+— IF ********* )
/
| |
< 1. free —+—>ke— 2.adiabatic —>:
—. I AN
lpeak  Ttran to = ]‘Og(t)
® 1. Free expansion, ~ O(100) yr ® 3. Snow plough, ~ O(10%) yr
e 2. Adiabatic, ~ O(10%) yr ® 4. Dispersion phase, ~ O(10°) yr
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|&— 1. free —+—>ke— 2.adiabatic —>)
J D

‘/w: ttran t(l) >10g(t>
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shape parameter
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< We can anchor with Lpeax

|&— 1. free —+—>k— 2.adiabatic =>|
)l

peak  Ttran t:’ >10g<t)
T 1 T

shape parameter
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< We can anchor with Lpeax

————————— 3 < or with late time Lo,
| and extrapolate backward

|&— 1. free —+—>k— 2.adiabatic ->:
>—. ] N
/I" ak 7t/tran t() - log(t)
T 1 T

shape parameter
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Radio Lightcurves for All SNe with Known Types
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29 A

28 A
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23

Logyo(Spectral luminosity in ergs s™* Hz™1)

22 4

P SO Bietenholz et al. 2021

All < 100 Mpc
5 Type | b/c
Type Il

Type lIn

: Type llb

| Type lc BL

0.0
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Table 1. 294 Galactic supernova remnants: summary data.

Green 2019
{ b RA (J2000) Dec size type  Fluxat spectral other
(hms) (° ') [farcmin 1 GHz/ly  index name(s)
0.0 400 174544 -2000 3.5x25 S 100? 0.87 Sgr A East
0.3 +0.0 174615 -2838 15«8 S 22 0.6
0.9  +0.1 174721 -2809 8 C 187 varies
1.0 0.1 174830 -2809 8 S 15 0.67
L4 -0.1 174939 -2746 10 S 2? ?
1.9 +0.3 174845 -2710 1.5 S 0.6 0.6
37 =02 175526 -2550  14x11 S 23 0.65
38 +03 175255 -2528 18 S? 3? 0.6
42 -35 180855 -2703 28 S 327 067
45 +68 173042 -2129 3 S 19 0.64 Kepler, SN 1604,
48 +6.2 173325 -2134 18 S 3 0.6
52 =26 180730 -2545 18 S 2.67 0.6?
54 -12 180210 -2454 35 C? 35? 0.2? Milne 56
5.5 +03 175704 -2400 15x12 S 5.5 0.7
59 +3.1 174720 -2216 20 S 3.3? 0.4?
6.1  +05 175729 -2325 18x12 S 4.5 09
6.1 +1.2 175455 -2305 30x26 F 4.0? 0.3?
64 -0.1 180030 -2326 48 C 310 varies W28
6.4  +4.0 174510 -2122 31 S 1.37 0.47
6.5 -04 180211 -2334 18 S 27 0.6
7.0 -0.1 180150 -2254 15 S 2,57 05?7
7.2 +02 180107 -2238 12 S 2.8 0.6
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Radio Lightcurves for All SNe with Known Types

Logyy(Spectal minosty nergss™ ™)

Green 2019 Table 1. 294 Galactic supernova remnants: summary data.
! b RA (J2000) Dec size type  Fluxat spectral other
(hms) (° ') Jfarcmin 1 GHz/Jy  index name(s)

0.0 +0.0 174544 -2900 3.5x25 S 100? 0.8? Sar A East

SINR cat - High Energy Observations of Galactic Supernova Remnants

Image (GAL | , distance
alignment) (kpc)

( I J| J| J [ JI Il J@) @] (@] @) @V

SgrAEast,
CXOGC J174545.5-
285829, contains CXOGC
1FGL J1745.6- J174545.5-285829
2900c, = the Cannonball =
2FGL J1745.6-2858, NS candidate and thermal
6000.6+00.0  1FHL J1745.6-2900, possibly PWN, close 1200 - 10000 8 composite 1Rl GeV | TeV | CHANDRA
3FGL J1745.6- to BH SgrA* 3
2859c,
2FHL J1745.7-2900, interacts with

+ names + context + age (years) stype o keVe MeV e GeV ¢ TeV ¢ CHANDRA & XMM

3FHL J1745.6-2900, molecular cloud
HESS J1745-290,
VER J1745-290

60.13-0.12,
1FGL J1746.4-
2849c, contains PWN
] 2FGL J1746.6- G0.13-0.11 thermal &
600.1-00.1  2851c, plerionic Y GeV | TeV | CHANDRA
1FHL J1746.3-2851, interacts with composite?

3FGL J1746.3- molecular cloud??
2851c,
VER J1746-289

n 600O.3+00.0 S‘;‘g"’g_g o4, <500000 85 shell GeV .
L = Qf

tire ramis ans CONAINS PSR [
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(ESFIVIPhaEsE): statistics of 262 SNe measured in the range of 2-10 GHz
leads to

Lpeak = 108™*%erg s 7V Hz !, tpear = 1077510 d

Bietenholz et al. (2011.11737)

@EEBIEES): statistics of 294 SN remnants from Green and SNRcat:
o Lo~ 0O(10) Jy

e a ~ 0.5 (spectral index)

angular size ~ O(10) arcmin

e galactic coordinate

distance ~ O(kpc)

age (X-ray observation etc.)
~ 0(10%) — O(10%) years
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(ESFIVIPhaEsE): statistics of 262 SNe measured in the range of 2-10 GHz
leads to

101.7i0.9 025.5i1.5 d

-1 71,1
Lyeak = ergs " Hz -, tpeak = 1

Bietenholz et al. (2011.11737)

@EEBIEES): statistics of 294 SN remnants from Green and SNRcat:

Lo o 0(10) Jy

a ~ 0.5 (spectral index)

angular size ~ O(10) arcmin 16726

Va

/dx Pa Sua,stim

e galactic coordinate mi o,

distance ~ O(kpc)

age (X-ray observation etc.)
~ 0(10%) — O(10%) years
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Detectability at SKA
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SKA-mid SKA-low
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“SKA is two telescopes”

SKABIBW (Australia)

e frequency: 50 MHz — 350 MHz;
® number of stations: 512;
o effective diameter of each station: 38 m;

® |ongest baseline: 80 km,

SKA1-mid (South Africa)

e frequency: 350 MHz — 15.4 GHz;
® 133 dishes D = 15 m (SKA dishes),
® 64 dishes D = 13.5 m (MeerKAT dishes);

® |ongest baseline: 150 km.

Chen Sun (Tel Aviv U.)
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Signal/ Noise

Piignal = SV : AV : A’r]
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P =0y - AV. A1
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signal flux density

[power /area /freq]

P =0y - AV. A1
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signal flux density

[power/area/freq] line width ~ 1073(m, /4m)
&= l]tiT’:" / 'r/.r Pa g atir

P =0y - AV. A1
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signal flux density

[power/area/freq] line width ~ 1073(m, /4m)
&= llf)ﬁ-’:,, / 'r/.r 02 CED.

P =0y - AV. A1

telescope area

>~ (unit area)
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signal flux density

[power/area/freq] line width ~ 1073(m, /4m)
&= llf)ﬁ-’:,, / 'r/.r 02 CED.

P =0y - AV. A1

telescope efficiency

1.0
0.8
0.6
telescope area ®
0.4
>~ (unit area) s — SKAow
- ——— SKAl-mid
107! 100 10!
v [GHz)
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Pnoise,inst — Tsys Av

Temp = 2.73 K

® Thm ~ 3 K at 1 GHz, ~ O(100) K at 100 MHz.

Tya1 ~ O(10) K (inhomogeneous, Haslam 408 MHz map),
® Tiey &~ 40 K for SKA-low, and T, ~ O(10) K for SKA-mid
° Tl S3K
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> units (Tsys AV)

P .
Hore (# of meas.) e

® > its is over all stations/dishes that receives the signal
® (# of meas.) is the number of independent measurements

® 2 polarizations

(AV tobs) during Lobs
# of dishes (single-dish mode)
# of baselines (interferometry mode)
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Signal of finite size, 0,

Single dish mode:

Psignal — Psignal

esi
. N . ZS81g
PHOISG Pn01se Qres
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Signal of finite size, 0,

Interferometry mode:

Psignal — Psignal@()‘/B — QSig)

Proise — Pnoise/(# of meas.)1/2
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Signal of finite size, 0,

SKAl-low
SKAT-mid

Baseline length

g(B), (# of basclines) / 10"

Interferometry mode:

Psignal — Psignal(a()\/B _

Pnoise — Pnoise/(# of meas.)1/2
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Signal of finite size, 0,

SKAl-low
SKAT-mid

Baseline length

g(B), (# of basclines) / 10"

Interferometry mode:

Psignal — Psignal(a()\/B _

Pnoise — Pnoise/(# of meas.)1/2

“active” baselines
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Sl/,echo

SKA Config.

( TAtm ) Pnosie,inst)
( TGal ) ( # of meas ) Pnosie,avg)J
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Results




| G39.7-2.0 (W50) |
(1,b) = (39.7°,—2°)
fs = 85 arcmin
S\ Qttss = 85 Jy (%)
D =4.9 kpc
tage = 30,000-100, 000 years
a=0.7 (x)
v=1.92

Chen Sun (Tel Aviv U.) —  Axion Echoes from SNR (Fermilab) 22 /31



SNR: G39.7-2.0
v [GH7)
10! 100 10!
free-+adiab:
i =3000 days
Ly =3 x 10% erg s~' Hz™!
—— adiab. only

| G39T7=20l(W50) | furan = 250 years
(1,b) = (39.7°, —2°)
65 = 85 arcmin
(0) —
SlGHz,s =85 Jy (%)
D = 4.9 kpc
tage = 30,000-100, 000 years
a = 0.7 (x)
~y =1.92 10-11

Yary [Gevgl]

2
o
L1 Ll
10~

mg [eV]

Ll Lol
107 10”

0
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Dependence on Early Properties

= ey 10710
e
Me—
E Ly =10%
B 30—
10%E
o R
Z 3
A 1013
£ F =
E 10
m -
10-1 I I I I 1 I I I L Lyg-12
100 200 300 400 500 600 700 800 900 1000

Hoan [veans)
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Dependence on Early Properties

SALERCS 10710
[ 20—

m‘k
E Ly =10%

B 30 —

ll]‘; )
g ® (339.7-2.0 not a very typical
s 102 — | ) X )

10 5 SNR (selection bias)

g 10-1gQ

10! 5\ w— | -
E m, =10"% eV

10
E———10% -_

llrl‘( 0 lill(i ilI)U 4[']1) 3("[] . (NI)O Tlllli 51']1] ‘](Iil) 000 107

tiran [years|
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Dependence on Early Properties

my 10710

20—
30—
10°E
E ® (539.7-2.0 not a very typical
R . .
oL E § SNR (selection bias)
E 10-1gQ
i 3 e Current it is only 1/30 of
o
m; : Cas A
1(1";
g\m' _ ]
107} L — 10"

| | | | | | | |
100 200 300 400 500 600 700 800 900 1000

tiran [years|
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Dependence on Early Properties

SNR: G30.7-2.0 -

7 20 —|
10
EKLM:IOW
B 30—
10°E
E ® (539.7-2.0 not a very typical
e e . .
£ 1wk E E SNR (selection bias)
= E 10718
2 E P e Current it is only 1/30 of
‘:\ (17
10 ; 1 Cas A
wé\w, - ® Early brightness is the key
107, L L 112

| | | | | | | |
100 200 300 400 500 600 700 800 900 1000

tiran [years|
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Projections




| G6.4-01lke |
(1,b) = (64°,-0.1°)
fs = 48 arcmin
S O = 310 Jy (%)
D =1.9 kpc
Lage ~ 35,000 years
a = 0.65 (x)
v =184
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Sensitivity for SNR benchmark A
v [GHz

10°

[ G6.4-0.1 like |

(1,b) = (64°,—0.1°)
05 = 48 arcmin

© T
S1GHz,s = 310 Jy () 2
D = 1.9 kpc %
tage ~ 35,000 years §:
a = 0.65 (*)
~y=1.84
Lol | S N
10°° 1077 10
ma [eV]
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| G6.4-01lke |
(1,b) = (64°,-0.1°)
fs = 48 arcmin
S s = 310 Jy ()
D =1.9 kpc
Lage ~ 35,000 years
a = 0.65 (x)
v =184
tpk - ttran/go
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Sensitivity for SNR benchmark B
v [GHz

10°

[ G6.4-0.1 like |
(1,b) = (64°, —0.1°)

65 = 48 arcmin
50

1GHz,s = 310 Jy (*) L
D = 1.9 kpc 3
tage ~ 35,000 years IS
a = 0.65 () =

N =1.84
tpk = ttran/30

Lol
X 10

LL11ll S IS W S S §
1070

ma [eV]

—
=]
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Results — anchor with Early data




Undiscovered old SNR

(1,b) = (175°,5°)
0s = 16 arcmin
LiGHz peak = 1.2 X 10%%erg - s~
tpx = 50 days
S}QHZ,S =6 Jy (derived)
D = 0.5 kpc
Lage ~ 55,000 years
a=0.65 (x)
v =1.84

1

-Hz™

1
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Undiscovered old SNR

0,5 = (175%,5°)
65 = 16 arcmin
L1GHz,peak = 1.2 x 10%%cgs

© tpk = 50days %
S1GHy,,s = 6 Jy (derived) e
D = 0.5 kpc $
tage ~ 55,000 years
a = 0.65 (%)
v =1.84
Lol Ll
10°° 1077 1074
ma [eV]
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Results — Dependence on Early Properties
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100 J
L 10—11
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Results — Dependence on SNR Location
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Gary[1071° GeV_l]
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—120
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D [kpc]

10% 10% 10%* 10° 10> 10" 30 60 90 1 5 9 -120 0 120 60 0 GO
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Bonus — if we get lucky

Future SN explosion
(1,b) = (40°,0°)
fs = 1.0 arcmin

L1GHzpeak = 1.2 x 10%%rg -5~ - Hz ™!
S = 2.1 x 10° Jy (derived)

D = 0.5 kpc
Lage ~ 10 years
o = 0.65 (%)
v=1.84
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Bonus — if we get lucky

Sensitivity for SNR benchmark D

v [GHz)

107!

Future SN explosion
(1,b) = (40°,0°)
s = 1.0 arcmin
L1GHz,peak = 1.2 X 10290gs

!
Si()G)Hz,s = 2.1 x 109 Jy (derived) é
D = 0.5 kpc S
tage ~ 10 years S
a = 0.65 (x)
v =1.84

10°

%
~
<
®]

10°°
mg [eV]
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Summary

® Axion stimulated decay provides an important way to examine g,
Large ~ occupation number is a must!

®a—=9r+m
~p: depends on historical source brightness; has low background.

® Supernova Remnants are bright (transient) radio sources

Include the very old ones and those not detected yet

e Statistically normal SNR can probe axion DM parameter space
beyond CAST
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Summary

® Axion stimulated decay provides an important way to examine g~
Large + occupation number is a must!

* e+
~p: depends on historical source brightness; has low background.

e Supernova Remnants are bright (transient) radio sources

Include the very old ones and those not detected yet

e Statistically normal SNR can probe axion DM parameter space
beyond CAST

) https://github.com/ChenSun-phys/snr_ghosts

Time varying radio sources...
. are important for echo signals from stimulated decay of axions.
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https://github.com/ChenSun-phys/snr_ghosts

Backup slides
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Light curve model

Lu,free(t) (t S ttran)
Lu,adia(t) (t > ttran)

Lu(t> =

where
t —1.5
Lstl'ee(t) = Lvypeak 61'5(17tveak/t) ()

tpeak
+ -8
Lu,adia(t) = Ll/,O ()
to

L, adia(tiran) = Ly free(tiran)  (matching condition)
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Master Formula

9 to/2
167°T, o
S”a = 741—7 /dT pa(xa _Q*) Sz/a,stim(to - 235)@ (2, — ) 9
mé o,
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Optical Depth

EM T. \ ¥ v \-208
~ 9. 1077 - ( ) )
7(v) 7 9.5x10 <cm6 pc> <5000 K) GHz ’

EM = [n2dl is the emission measurement

® away from the galaxy center (pulsar measurements)

_ Te,0 2 l
EM =~ 0.2 6 (7) )
0-23 em™ pe { 7515 em=3 ) \ipe

® at the galaxy center (Sgr A*)
T~ O(1) at 300 MHz

Gregory and Seaquist 1973,
Pedlar et al. 1989,
Schnitzeler 2021,
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Population Estimate

SN rate in our Galaxy is
0.02 ~ 0.03 per year

SNRs younger than 10° years are
2000 ~ 3000
Distribution inside our galaxy
R\* (R —Ro)
(R — —b—
m () oo (5 R),

R@ = 8.5 kpC, a = 109, b=3.87 (Green 2015)
= O(10) within 1 kpc of the Sun.
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Noise of radio telescopes

Pry ~ / fE d®p ~ / fE3dEdQ
_dpP dp-
T dAdvdQ  dEdQ

Pnoise - L/ Q- Av- (A’f]) ~ TE2 <

I, ~ fE? ~ TE?

1
-Av - (An) ~TA
g ) A (dn) ~ Taw

For a given telescope, the equivalent temperature is denoted as Tyys.
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Aberration, dispersion, and signal reduction

Three different motions:

® coherent motion of the source
® coherent motion of the observer

e dispersion of dark matter
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Aberration, dispersion, and signal reduction

Three different motions:

® coherent motion of the source

~ % ~ 9 Vg tage 1 kpC
eab ~ D = 10 arcmin (10—3) (104 years D
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Aberration, dispersion, and signal reduction

Three different motions:

® coherent motion of the source

® coherent motion of the observer

2
D ~ 2do —_ -3 Vo tage 1 kpC
1 - (dO+D) ~ D =6x10 (10*3) (104years> ( D
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Aberration, dispersion, and signal reduction

Three different motions:

® coherent motion of the source
® coherent motion of the observer

e dispersion of dark matter

a) Effect of dark matter peculiar motion
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Aberration, dispersion, and signal reduction

Three different motions:

® coherent motion of the source
® coherent motion of the observer

e dispersion of dark matter

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

peculiar motion

N D . o tage/2+D
20 ~ 20, LEL ~ 20, Lase 2D
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Shadow of the Earth

Had the Earth not been moving:

® stimulated decays of axions located within the Earth’s shadow are
prevented;

® the echo photons from axion decays outside the shadow will not
pass the Earth
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Shadow of the Earth

Had the Earth not been moving:

e stimulated decays of axions located within the Earth’s shadow are
prevented;

® the echo photons from axion decays outside the shadow will not
pass the Earth

Eppur si muove!

o°R :
leq =~ 0;9 ~ 0.06 au (—5 ar@c;nm)

tNR@/U@N218
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