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Motivation
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LD _ZgaW’Va’(FF)
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Partial summary
ma eV
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Motivation

1 ~
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10—10

10—11

10—12

Star Emission Bounds
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Partial summary
= oV
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Motivation

1 ~
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- CAST
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|Gayy| [GeVT]
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Partial summary
ma [ev] [O’Hare github]

I@;A [CAST 2007, 2017]
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Motivation

1 ~
LD —Zgawa(FF)
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10—11

10—12

Star Emission Bounds

. Horizontal Branch
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I@ [Ayala+ 2014], [Carenza+ 2020],
A Nick Rodd | The Irreducible Axion ct. [Dolan+ 2207.03102] 7

Partial summary
[O’Hare github]




|Gayy| [GeVT]
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Motivation

1 ~
LD —Zgawa(FF)

107
108
1077
10—10

10—11

10—12

Star Emission Bounds
Supernova 1987A
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my |eV]

[Balazs+ 2205.13549], [Jaeckel+ 2018],

[Mass6+ 1995], [Lucente+ 2020], [Caputo+ 2022]

Partial summary
[O’Hare github]
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|Gayy| [GeVT]
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Motivation

1 ~
LD —Zgawa(FF)

107
108
1077
10—10

10—11

10—12

Star Emission Bounds

1013
| Stellar Basin

10714 ]

10—15 J

10—16;

10—17;

10—18 J

10_19 T ||||||T| T ||||||T| T ||||||T| T ||||||T| T ||||||T| T ||||||T| T ||||||T| T ||||||T| T ||||||T| T ||||||T| T ||||||T| T ||||||T| T ||||||T| T TTTImg T ||||||T| T TTTImg T ||||||T| T ||||||T| T ||||||T| T ||||||T|

@/ﬂ @/9 @/@ @/9 @/% @;{ @/6 @/5 XQ/A‘ @/3 XQ/‘Z @/x WA AP A XQA‘ @ @6 @1 O

my |eV]
[Van Tilburg 2021], [DeRocco+ 2022]

Partial summary
[O’Hare github]
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Motivation

1 ~
LD —Zga,wa(FF)
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1077
10—10

10—11

10—12

Dark Matter Decay

10—13;
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10—15 _; /y

10716 4 Q ---------

10717 - Y
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my |eV]

For models of heavy axion DM, see e.g.

[Foster, Kumar, Safdi, Soreq 2208.10504],
é . . . [Panci, Redigolo, Schwetz, Ziegler 2209.03371]
Nick Rodd | The Irreducible Axion 10

Partial summary
[O’Hare github]




Motivation

1 ~
LD —Zgawa(FF)

| Foster, NLR+ PRL 2021]

|Gayy| [GeVT]

\

|||||T| T ||||||T| T TTTImg T ||||||T| T TTTIT

A \QQ XQ\, \er XQ% \QAL XQE) XQG) XQ'( XQ%

For models of heavy axion DM, see e.g.
[Foster, Kumar, Safdi, Soreq 2208.10504],

Partial summary
[O’Hare github]
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[Salemi, NLR+ PRL 2021]
[Gramolin+ Nature Physics 2021]

|Gayy| [GeVT]

EAH Nick Rodd | The Irreducible Axion
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108
1077
10—10
10—11
10—12

101 |
.

10—15 J

10—16;

10717 ]

10—18 J

10—19 _:

Motivation

1 ~
LD —Zgawa(FF)

AN+A49Y
OVLSAVH

ADMX

s4& Axion Haloscopes

@/ﬂ @/9 @/@ @/9 @/% @;( @/6 @/5 XQ/A‘ @/3 XQ/‘Z @/x WA AP A XQA‘ @6 @6 @1 O

my |eV]

Partial summary
[O’Hare github]
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10—11
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101 |

10—14 4

|Gayry| [GeVT]

10—15 J
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10—17 4

10—18;

10—19 _:

DMRadio

/:

Motivation

1 ~
LD —Zga,wa(FF)

AN+A49Y
OVLSAVH :

EA" Nick Rodd | The Irreducible Axion

IIII|T| T IIIII|T| T TTTIT
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Partial summary
ma [ev] [O’Hare github]
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Motivation

1 3
LD —Zga’wa(FF)

1077
10710 -
o
10-12 _
10-13 _

10—14é

|Gayy| [GeVT]

10—15é
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10-18 -

10-19 4
QY

QO

Partial summary
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Motivation

1 3
LD —Zgawa(FF)

1079

10—10

10-11 4
10—12é
10—13é

10—14é

|Gayy| [GeVT]

10—15é
10—16é
10-17 -

10-18 -

10-19 4
QY

QO

Partial summary
- ma oV
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Motivation

1 ~
LD —Zga,wa(FF)

1079

10—10

101
10712 -
10713 -

10—14 _;

|Gayy| [GeVT]

10—15 _;

10716 -
E There is an irreducible

10717 - abundance that can be

] . |
1018 strongly constrained!

10-19 4
QY

QO

10

Partial summary
ma [ev] [O’Hare github]

I@ Cf. [Balazs, Bloor, Gonzalo, Handley, Hoof, Kahloefer,
A Nick Rodd | The Irreducible Axion Lecroq, Marsh, Renk, Scott, Stocker 2205.13549] 16




Outline

1. Sensitivity Estimate
2. Abundance
3. Constraints
4. Extensions

(Bonus: a few words on Haloscope Sensitivity)

EA' Nick Rodd | The Irreducible Axion
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Sensitivity Estimate

Take m, = 10 keV

Early Universe: photon conversion (ye — ae)
freezes-in axions

2
& T
%210—4( }”) ( — ) (1)
8oy 5> MeV

@ Nick Rodd | The Irreducible Axion [LanghOﬁ. UUtmezgume. NLR PRL 2022] 19



Sensitivity Estimate

X-ray constraints at ~10 keV require

tom 2 107 s =2 g™ S 7x 1077 GeV™! ~ 1075

ny

@ Nick Rodd | The Irreducible Axion [LanghOﬁ. UUtmezgume. NLR PRL 2022] 20



Sensitivity Estimate

X-ray constraints at ~10 keV require

tom 2 107 s =2 g™ S 7x 1077 GeV™! ~ 1075

Must satisfy p, /T, < pov/Tpv and 771 o gg},},, SO

T gDM :
F.5—4—={—"7] @
DM ga}/}/

@ Nick Rodd | The Irreducible Axion [LanghOﬁ. UUtmezgume. NLR PRL 2022] 21



Sensitivity Estimate

s\ [ T, M\

a T, a

F =107 =2 < RH ) 1 F,x—4 = (2)
ga;/y 5 MeV DM gay}/

Combine (1) and (2)

2 DM\ 2
104 Sapy N [ Sanr
8ary Eayy

@ Nick Rodd | The Irreducible Axion [LanghOﬁ. UUtmezgume. NLR PRL 2022] 22



Sensitivity Estimate

2
’ gt

5 ayy

HB
g ayy

EA‘ Nick Rodd | The Irreducible Axion

A

TRH

5 MeV

10~4 <

1o4<

DM
Sayy

HB
g ayy

>2

1/4

T 8DM ’
) n F.s—==1-—"] @
DM gay}/

Combine (1) and (2)

2
Eayy <
8y

2
DM
5 ayy
Sayy

~ (107191 ~ 1073

[Langhoff, Outmezguine, NLR PRL 2022]
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Sensitivity Estimate

2
’ gt

5 ayy

HB
g ayy

=

EA‘ Nick Rodd | The Irreducible Axion

S

TRH

5 MeV

1o4<

DM
Sayy

HB
g ayy

>2

1/4

T 8DM ’
) n F.s—==1-—"] @
DM gay}/

Combine (1) and (2)

2
Eayy <
8y

2
DM
5 ayy
Sayy

~ (107191 ~ 1073

= 8., STX 1071 GeV™! <« g%

5 ayy

[Langhoff, Outmezguine, NLR PRL 2022]
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Abundance

Try = 5 Me
ey — ea

vy/e"et = a

Photophilic | e e” = va

1072 -3 —2 —1 0 1 2 3
10 107 10 10" 10 10 10°

mg [keV]




Abundance

Axions produced by at least three interactions

Two are UV dominated - depend critically on 7y,
but there is a minimal value consistent with BBN

Thy 2 5 MeV

[Hannestad 2004], [Kawasaki+ 1999, 2000], [Ichikawa+ 2005, 2007],

[Salas+ 2015], [Hasegawa+ 2019]

Cf. [Baldzs+ 2205.13549]

@ Nick Rodd | The Irreducible Axion [LanghOﬁ. UUtmezglIine. NLR PRL 2022] 26



Abundance

Compute the freeze-in abundance* &, = p_/ppw

L B e o

: =
1078 ¢ ~
i I

S

10—15 | Y B BN B I N RN FUUN R
1072 1072 107t 10 10t 102  10°  10*  10°

mg keV]

*For Tf{n}lln thermalizes

@ Nick Rodd | The Irreducible Axion for gy, 2 1077 GeV™! [Langhoff, Outmezguine, NLR PRL 2022] =



Compute the freeze-in abundance*

€ €

Photon Conversion

Abundance

a

1077

1078}

10-1}

[ ey — ea,} -t

Exponentially
suppressed for

10—15 L
1073

EA’ Nick Rodd | The Irreducible Axion

[ R (A U T

mg keV]

*For Tf{“ﬁlrl thermalizes

for g,,, 2 1077 GeV™!

T

[Langhoff, Outmezguine, NLR PRL 2022]
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Abundance

EA’ Nick Rodd | The Irreducible Axion

*For Tf{n}ll“ thermalizes

for g,,, 2 1077 GeV~!

[Langhoff, Outmezguine, NLR PRL 2022]

° N G’
Compute the freeze-in abundance* & , =
10_7 E T T "{"\I\\ T T T LA B R AL RS B AL | "',I ,-'
i \\\\ = i :'j
1078 T = an
\\\\\\\ H III :
1079 = S Dominant at
— 0 R /] large m,
| 10_ 3 \\\\\\ ,/' ,".;
@ X~ 7~ bl
-——=-q 9, 10_11 F \ \\\\\\\\\ //I ',"_E
? \\\\\\\ \\\\\\\ ! l:
12| ~~l__.- ]
< 10
,y \\\\\\ II
10_13 _ ¢ X 0\\1\0\\\\\\ III 5
Inverse Decays f /
10~ 4Ll ey —ea R |
| —a
1079 1072 107t 10 10! 10 10 10*  10°
mg [keV]
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et

e e annihilations

EA’ Nick Rodd | The Irreducible Axion

Abundance

myg [keV]

*For Tf{n}ll“ thermalizes

for g,,, 2 1077 GeV™!

1 S— : T - - - A
~< ] ]
\\\ I ".'
\\\\ m I’ "L
~ '-
“S El w
v ;TN
\\\\ H 1 ,' } .
g T Strictly
N o é / 1 H
S8 ! .
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<< T E
\\\ - _- ] 1
~o T 1]
R 1]
\\\ ! ]
~ o 1 ,~
RN [N
@ =~ fo
N - II I A
\6 \\\\ , ,l
S~ /I I
\\\\ // ,’ E
~o ‘\\ / |
S S I
\\\ 1
\\ \\\ - ,
\\\\ “F=-- [
~ o 1
S |
L - - 1
r ¢ X N '
3 \]0\\\ ) 3
E | 6’}/ — €a RN ,
[ \\\\ /I
N o /
VY a * '
, i
— + RN
e e — ”}/CL
J
el L el ol el el L Lol L Ll L el
10°2 107t 10 10t 102 10%  10* 10°

[Langhoff, Outmezguine, NLR PRL 2022]
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Abundance

Compute the freeze-in abundance* &, = p_/ppw

EA’ Nick Rodd | The Irreducible Axion

TTTTI T T TTTT

T T T TTTT

*For Tf{n}lln thermalizes

for g,,, 2 1077 GeV™!

[Langhoff, Outmezguine, NLR PRL 2022]
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Constraints

— NuSTAR (2208.04572)

— — NuSTAR (1901.01262)
NuSTAR (1908.09037)

— INTEGRAL (2209.06299)

XMM (0603660)

XMM
—-= XMM

0610961)
02.02207)

(€

XMM (0709.2301)
(
(21




Constraints

Start with a # DM constraints

T T T T T TTT | T T T T T TTT | T T T T T TTT | T T T T T TTT | T T T TTTT | T T T TTTT | T T T T TTTT | T T =
9 SN1987A v burst -
10 HB stars E
10-10 SN1987A Decays ]
— 107! — §
| :
5 0k §
S :
1013 L s .
= Spectral distortions
m@ 10-14 B [Balazs, Bloor, Gonzalo, Handley, Hoof, Kahloefer, BBN Bound 7
§ Lecroq, Marsh, Renk, Scott, Stocker 2205.13549] [Depta, Hufnagel, Schmidt-Hoberg 2020] 3
1071 E .
107 3 TRH =9 Me|v | | | | E
C | | | 1 1111 | | | 1 1111 | | | 1 1111 | | | 1 1111 | | 11 1 111 | | L1l | | L1l | |

1072 1071 10° 10! 102 108 10 10°

me [keV]

@ Nick Rodd | The Irreducible Axion [Langhoﬁ. OUtmezgume, NLR PRL 2022] 33



Constraints

Irreducible abundance is small, but testable

T T T T T TT || T T
SN19&87A v burst

10_16 E_ TRH ~ 5 Melv | | | | | / _§
1072 1071 109 101 102 103 10* 10°
mg [keV]

@ Nick Rodd | The Irreducible Axion [Langhoﬁ. UUtmezglIine. NLR PRL 2022] 34



Constraints

Starting point: X-ray Constraints

Assume mass independent
_ 1028
tom = 10°° s

(I)Cl — (I)DM = ga =~ Ta—>}/}//TDM

T T T I T TT || T
SN1987A v burst

1079 E o
= HB stars
- SN1987A Decays

Basin

poel v vl vl vl vl vl v vl bk 1o

10719 é‘ Trg = 5 MeV

102 101 109 101 102 103 10% 10°

mg |keV , .
a [ ] F , exponentially depleted
For this simple example, for m, > Tyy
ignore inverse decays

@ Nick Rodd | The Irreducible Axion [LanghOﬁ. UUtmezgume. NLR PRL 2022] 35



Constraints

Starting point: X-ray Constraints

1
— constraints at large couplings
O x7 expl—1t,/7,]

a—=vyy

T T I‘l\l\l ||| T T T LI |||| T T T LI |||| T T T LI |||| T T T T T |||| T T T TT ||| T T T T TT ||| T T 3

- SS SN1987A v burst -

107 & RN HB stars E

S S~o E

-1 b ~\\\ SN1987A Decays _;

— 10—11 ;_ _;

| S E

< 102 2

~ 1077 g E

- E =

S r ’

= 10714 & =

- S ;

1075 & \\~\ 10-15 =

<o

- \\ -

107 3 TRH =9 Me|v | | | | \\\P / E
1072 101 10° 101! 102 103 104 10°

mg |keV]

For this simple example,
ignore inverse decays

@ Nick Rodd | The Irreducible Axion [LanghOﬁ, UUtmezgume. NLR PRL 2022]



Constraints

Starting point: X-ray Constraints

d x 7} expl—1t,/7,]

a—=vyy

Neglected previously - cuts
constraints at large couplings

E T T T T T TTT | T T T T T TTT | T T T T T TTT | T T T T T TTT | T T T T T TTT | 10—10 . NuSTAR (220804572)
10-9 B — — NuSTAR (1901.01262)
= HB stars 10~ W e NuSTAR (1908.09037)
C SN19874 : — INTEGRAL (2209.06299)
10_10 ;_ T: 10—12 L I
E Basin CCD) 13 I‘ \
— 10—11 L = 107" o
A E i |" {]
| S s Y
% L0-12 \ 107HE— XMM (0603660)
@) = XMM (0709.2301)
— C \ 10715 o XMM (0610961)
MRTENT For 711, < 1 keV axions are I 2 — = XMM (2102.02207)
S S warm - different clustering Co— 1071 100 oL 102 103
S —u [
10 = | mg [keV]
1075 E \/ 10715 5
16 L _
10 3 TRH = 5 Me\/ / e
E ] Lol 1 Lol 1 Lol 1 Lol ] L1l 1 [ A O B B | 1 L1 oAl 1 —
1072 107! 10V 10 102 103 104 10°

mg |keV]

Solid/dashed/dotted curves: mass

independent limits of 10%°/10°°/10°! s

EA’ Nick Rodd | The Irreducible Axion

[Langhoff, Outmezguine, NLR PRL 2022]
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Constraints

Need earlier probes, even if weaker for DM

Consider decays throughout the Universe

T T T T T TTT | T T T T T TTT | T T T T T TTT | T T T T T TTT | T T T T T TTT | T T T T TTTT | T T T T TTT || T T
i - SN1987A v burst
10 3 HB stars
10-10 - SN1987A Decays
—10-1! ;_ Basin
| S
2 1012 a
U = 10
— 10-13 L Cosmic Radiation Background , oMB
< q Probes 0 < 7 <20:50 eV < E, <3 keV T 107} as
S - a
) 10_14 ;_ 108
S T w0 CUB
B - & C
101 g— ;E 100} CRB N
C 5 101
10716 B — = o
E TRH - 5 Melv | | | N 10712}
102 101 10" 101 102 0@(
mg |keV] 107
10

10° 10 10 10 10Y 10 10% 102 10%
v [Hz]

[“The Spectrum of the Universe”
Hill, Masui, Scott 2018]
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Constraints

CMB allows for probes of earlier epochs still

SN1987A v burst

-9
10 HB stars

1071

— 10711

—_

=
—_
NS}

T TTIm 7 TTTm T ||||I1I|_I—I'ITHTI|_I—I'I'n

Gary [Ge\/_

Y
'~
\N
~

—_

=
—
S

>~

S<
~
~
~
~
~
~
S
~

—

=
—
ot

S
~
~
SS
~
S~
_______

—_

=
—
(=

T T TTTm T TTTIm T TTTT

TRH = 5 MeV

1071 10° 10! 102 103 10* 10°

m, [keV]
Simons Observatory
See [Baldazs+ 2205.13549]
for a full CMB analysis

@ Nick Rodd | The Irreducible Axion [Langhoﬂ:. OUtmezgume, NLR PRL 2022] 39
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(\]

Conservatively extend DM CMB
constraints to #F , < 1

[Slatyer, Wu 2017], [Poulin, Lesgourgues, Serpico 20171,
[Cang, Gao, Ma 2020], [Bolliet, Chluba, Battye 2021]




Extensions




Extensions

Logic readily extends to the electron coupling and
can also add a contribution from misalignment

Irreducible abundance can also be considered for the
sterile neutrino, dark photon, gravitino, ...

@ Nick Rodd | The Irreducible Axion [LanghOﬁ. UUtmezgume. NLR PRL 2022]
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onus: haloscope sensitivi

Frequency [Hz]

"

10° 103 10* 10° 10°
NS cooling

T = max(t,, T») SN 1987A

T> = 100 sec

He (QCD
axion
targeted)

1072 107" 107 10 1078
m, [eV]




Haloscope Sensitivity

A result commonly used for haloscope sensitivity

[Budker, Graham, Ledbetter,
Rajendran, Sushkov 2013]

EA! Nick Rodd | The Irreducible Axion
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Haloscope Sensitivity

A result commonly used for haloscope sensitivity

Axion coherence time
T~ 2mlm v?
a ‘a
~ 1 s(1 neV/m,)

Dicke radiometer
equation predicts: 7~ "+ il [Budker, Graham, Ledbetter,

Rajendran, Sushkov 2013]

EA’ Nick Rodd | The Irreducible Axion
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Haloscope Sensitivity

That scaling does not hold in general

T_S/ 2 T << T a s Ty Instrument coherence

time, e.g. 7, for NMR

T_ 1 TCL << T << Trp or 2rQ/w for a cavity

g X

Straightforward to derive: axion is a weak driving force for resonant
systems, problem maps to the SHO, and can be solved analytically

@ Nick Rodd | The Irreducible Axion [Dror. Gori. LEEdUm. NLR PRI. 2023] 45



Haloscope Sensitivity

Example: axion NMR

dM Mx+My (M,— M,
— =Mx B
dt T, T

@ Nick Rodd | The Irreducible Axion [Dror. Gori. LEEdom. NLR PRI. 2023] 46



Haloscope Sensitivity

dM

—=MXyB

dt

Axion-nucleon coupling
generates a magnetic field

B =(-2gy/y)Va

EA' Nick Rodd | The Irreducible Axion

Example: axion NMR

MXx+My (M,— M,z

15

[Dror, Gori, Leedom, NLR PRL 2023]
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Haloscope Sensitivity

Example: axion NMR

dM Mx+My (M,— M,
— =Mx B
dt T, T

Treat axion as a small perturbation

M, +2T;'M, + 0} = yMylw,B, — B,

@ Nick Rodd | The Irreducible Axion [Dror. Gori. LEEdom. NLR PRI. 2023] 48



Haloscope Sensitivity

Example: axion NMR

dM MX+My (M, — M)z
dt T, T

Treat axion as a small perturbation

M, +2T;'M, + 0} = yMylw,B, — B,

t, = coherence of
2 = coherence of the driving force
the response The simple harmonic oscillator - holds 5

for general resonant axion halo scopes

@ Nick Rodd | The Irreducible Axion [Dror. Gori. LGEdom. NI.R PRI. 2023] 49



Haloscope Sensitivity

Solve for the growth of M analytically

VAM(t)/gMo/Pa)?)

Vo 2.5 5.0 75 10.0 12.5 15.0 175 20.0

T'<zt,=> M) xt

@ Nick Rodd | The Irreducible Axion [Dror. Gori. LEEdUm. NLR PRI. 2023] 50



Haloscope Sensitivity

Sensitivity scaling: o = Psig/Pbkg (Psig X gz)

T-3/2 T« Tay Tr

N T r,<T<KT,

g T-12 7 <« T<T,
T4 T>71,. T

@ Nick Rodd | The Irreducible Axion [Dror. Gori. LEEdom. NLR PRI. 2023] 51



Haloscope Sensitivity

Sensitivity scaling: o = Psig/Pbkg (Psig X gz)

T-3/2 T « Ta,s Tr

g X

P, x M* « T* and Py, < 1/T

White noise: larger T integrate
over a smaller range

@ Nick Rodd | The Irreducible Axion [Dror. Gori. LEEdUm. NLR PRI. 2023] 52



Haloscope Sensitivity

Sensitivity scaling: o = Psig/Pbkg (Psig X gz)

. T=' 1, <T<T,

Py, x M* T and Py, o 1/T

@ Nick Rodd | The Irreducible Axion [Dror. Gori. LEEdom. NLR PRI. 2023] 53



Haloscope Sensitivity

Sensitivity scaling: o = Psig/Pbkg (Psig X gz)

95y 7-1/2 7. < T <K T,

Py, & M*  const and Py, o 1/T

@ Nick Rodd | The Irreducible Axion [Dror. Gori. LEEdom. NLR PRI. 2023] 54



Haloscope Sensitivity

Sensitivity scaling: o = Psig/Pbkg (Psig X gz)

g X

T4 T Ta,s Tr

Resolve signal in N o 1 bins, P, enhanced by \/N

@ Nick Rodd | The Irreducible Axion [Dror. Gori. LEEdom. NLR PRI. 2023] 55



Haloscope Sensitivity

Implications for CASPER-Wind

Frequency [Hz]
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Haloscope Sensitivity

Implications for CASPER-Wind

Frequency [Hz]
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Conclusion

DM searches can strongly
constrain non-DM axions

HB stars w
SN1987A Decays

NICKRODD | GGI | 19 May 2023
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Extensions

Argument immediately extends to other couplings, e.g.

Gaee
2M

10_10 T T TTTTI

— (0,,a)ev"vyse

10~ 4 wCen
10—12
10—13

% 14
S 10~
)

Production IR
dominated, mainly

10~

+ +
ety = e*a
e"et > a

{0~ ",

10—16

~
-~
~
-~
-~
-~
-~
-~
-~
-~
-~
-~
-~
-~

~—
~
S~

\
Q
~

10—17 |
a — yy proceeds at 1-loop ’\
7, dramatically shortens TRH 3 Mev Saes . / |

10—18 Lol L1l L T4l 1
10! 102 103 10 10°
Mg [ke\/] wCen: [Ferreira, Marsh, Miiller 2205.07896]

once m, > 2m,

SN1987A: [Capozzi, Raffelt 2020]
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Extensions

Misalignment contribution not irreducible, but can
include conservatively*

T |||||||| T |||||||| UL
SN1987A Decays

Coupling only enters
through e =%

2 -2
' guyy cha
o 2
Jfa X Ja

*Matter domination before BBN,
radiation or kination give larger &,
[Blinov, Dolan, Draper, Kozaczuk 2019]

My [ke\/]
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Clustering at low mass

Impact on X-ray constraints due to warm DM not clustering

- 4 -1

2
keV\ [k
FMW(G) ~ & x 1+().008< - > <£>

m, r

N-body Milky Way study = _

[Anderhalden, Diemand, Bertone,
Maccio, Schneider 2012] 100 F

101 [ Safe for m, > 1 keV

1072 ¢

DWDM/DCDM

1073 ¢

1074 ¢

10~4 1073 1072 1071 109
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Ty dependence

. . . 1/4
Production UV dominated: &, x Tpy = 8,,, & IRy

HB stars

— 107"

Garyy [Ge\/_l

1072 107t 109 10! 102 103 10* 10°

Beyond 100 Me\/’ must 10—17 tT}lill—InnT |1|QQ||}>Z[|G\|{||||

include pion and muon,

will only increase & m, [ke\/] Impact for g, case
weaker - IR dominated
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Universal Couplings

gayy T Cl/27l'fa and Sace = me/f;z
]_07_ T T TTTTT] T T TTTTT] T T TTTT]] T T T TTTTT] T T TTTTT] T |||||||_
- SN1987A Decays =
108 = =
- wCen ;
109 5_ px =
_ 1010 E\\\\\\ » _é
=0 S :
S 0 B
o E
1013 é_ \\\\\\\\\ § _é
] : )
E TRH — 5 Mev \\~~~~ /,I E
ReSUItS for flxed m(l g L 1ol L1l L 1l L1l L1 |~||~|.||_|-—_|_T,||||HE=
varying both couplings 101 10" 10t 10? 10°3 104 10°
in paper ma [keV]
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Sterile Neutrinos

Idea readily extend to other states (graviton, dark photon...)

TT | T T T T T TTT | T T T T T TTT | T T T T T TTT | T T T T T T17TTT | T T T T T TTT |
_2 Terrestrial Experiments
107~ Qh2 ~ 0.12 —
5 Spectral Distortions
107 = .
Supernovae
S
S 100 -
(@]
S
B
10—11 L —
\ 10-10
10—14 L —
TRH = 5 MeV
10—17 \II\L | Ll
1071 10° 10°

ms [keV]

Cf. [Gelmini, Osoba, Palomares-Ruiz, Pascoli 2008],

[Gelmini, Lu, Takhistov 2019]
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Axion NMR

LD gn(Oua)Ny'ysN
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Axion NMR

Impact for CASPER-Electric

Frequency [Hz]
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