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axion searches: present
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image taken from https://github.com/cajohare/AxionLimits
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axion searches: present & future
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axion searches: present & future

unconstrained window in the  range(1 ÷ 102) meV

image taken from https://github.com/cajohare/AxionLimits
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deposited energy ≃ ma

deposited momentum ≃ 10−3ma

absorption kinematics

axion

+ ( (
*

target ground state target excited state 



6

collective excitations 

: ions

: electrons

Magnons Spectrum

Spectrum*Phonons

* at zero momentum
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collective excitations 

: ions

: electrons

Magnons Spectrum*

Spectrum*Phonons

* at zero momentum



Phonons



9

phonons

l l + 1 l + 2 l + 3

K
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phonons

u

l l + 1 l + 2 l + 3

K
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phonons
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phonons

ω(k)

π
a

−
π
a

l,1 l + 1,1 l + 1,2

KG
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primitive cell

…

k

in and out-of-phase oscillations

gapless (acoustic) and gapped (optical) modes 

ulj = ✏j(k) e
i(k·la�!t)
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phonons

ω(k)

π
a

−
π
a

l,1 l + 1,1 l + 1,2

KG

l,2

primitive cell

…

k

in and out-of-phase oscillations

gapless (acoustic) and gapped (optical) modes 

deposited energy ≃ ma
deposited momentum ≃ 10−3ma

absorption kinematics

ulj = ✏j(k) e
i(k·la�!t)
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phonons in real life

(a) Diamond: diamond-C,

Si, Ge. Two interpene-

trating face centered cubic

lattices, one o↵set by 1/4

along the cubic diagonal.

Each atom has four nearest

neighbors, forming corner-

sharing tetrahedra.

(b) Zincblende: ZnS, GaAs,

InSb, GaSb. Same arrange-

ment as diamond cubic, but

with two atom types, each

occupying one of the face

centered cubic lattices.

(c) Rock salt: NaCl, MgO,

LiF, NaF, NaI, PbS, PbSe,

PbTe. The two atom types

each form a face centered

cubic lattice, o↵set by 1/2

along the cubic axis. One

atom type is octahedrally

coordinated to the other

atom type and vice versa.

(d) Fluorite: CaF2. Ca

ions form a face centered

cubic lattice. Each Ca ion

is surrounded by eight F

ions in a cubic geometry.

(e) CsI. The two atom

types form interpenetrat-

ing primitive cubic lattices,

with an atom of one type

at the center of each cube

of the other type.

(f) ↵-quartz: SiO2. Each

Si ion is bonded to four

O ions, forming corner-

sharing tetrahedra.

(g) Corundum: Al2O3.

Each Al ion is bonded to

six O ions, forming octahe-

dra with a mixture of cor-

ner, edge and face-sharing

connectivities.

(h) Rutile: MgF2. Each

Mg ion is bonded to six

F ions, forming octahedra

with a mixture of corner

and edge-sharing connec-

tivities.

(i) Wurtzite: GaN, AlN,

ZnO. One atom type is

tetrahedrally bonded to the

other atom type and vice

versa. The tetrahedra

are corner-sharing and the

structure is a member of

the hexagonal crystal sys-

tem.

(j) CaWO4. Each Ca ion is

bonded to eight O ions, and

each W ion is bonded to

four O ions, forming corner-

sharing octahedra.

GaAs

ulj =
3nX

⌫=1

X

k

1p
2Nmj!⌫,k

⇣
â⌫,k + â†⌫,�k

⌘
eik·x

0
lj ✏⌫,k,j

<latexit sha1_base64="2cMxvZQIHZJhSTuCu0rdcKhxaCA="></latexit>

force constant matrix from DFT methods

a material with  ions in the primitive cell will have  phonon branches, 3 gapless and  gappedn 3n 3n − 3

figures from Griffin, Inzani, Trickle, Zhang, Zurek, 1910.10716

H =
X

lj

p2
lj

2mj
+

1

2

X

ll0,jj0

ulj ·Vll0jj0 · ul0j0

<latexit sha1_base64="LxrxSJwmfSPjYrlE3rRf/iZ0Zpw="></latexit>
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a technical but important note: photon-phonon mixing

at low momenta TO phonon and photon mixing is non-negligible  
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a technical but important note: photon-phonon mixing

true physical states are polaritons, a mixing of photon and phonon states

at low momenta TO phonon and photon mixing is non-negligible  
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axion coupling to phonons

L = �1

4
ga��aFµ⌫ F̃

µ⌫

<latexit sha1_base64="ROJ9PdtGDNUybgyO6v+Dpx5JOF0=">AAACLnicbVDLSgMxFM34tr6qLt0Ei+DGMiMV3QiiKC5cKFgVOnW4k2ZqMMkMSUYoYb7Ijb+iC0FF3PoZpnUEXwcSDufcS3JOnHGmje8/eUPDI6Nj4xOTlanpmdm56vzCmU5zRWiTpDxVFzFoypmkTcMMpxeZoiBiTs/j672+f35DlWapPDW9jLYFdCVLGAHjpKi6HwowVwS4PSq218JEAbFBYRtFN7IQdkGI8i7gILKhyEOZF6 FhvEPxweWXEFVrft0fAP8lQUlqqMRxVH0IOynJBZWGcNC6FfiZaVtQhhFOi0qYa5oBuYYubTkqQVDdtoO4BV5xSgcnqXJHGjxQv29YEFr3ROwm++H0b68v/ue1cpNstS2TWW6oJJ8PJTnHJsX97nCHKUoM7zkCRDH3V0yuwFVmXMMVV0LwO/JfcrZeDxr1jZNGbWe3rGMCLaFltIoCtIl20CE6Rk1E0C26R8/oxbvzHr1X7+1zdMgrdxbRD3jvH1qwqpU=</latexit>

NR limit
�H = �ga��

Z
d3x aE ·B

<latexit sha1_base64="8uQSUMOyrsWae0Hq4Ol/6Z+ZsHY="></latexit>

in an external  fieldB

in an external magnetic field the axion couples to ions displacement
Born charges  ion charge∼

�H = �e ga��aB
X

lj

B̂ · "�1
1 · Z⇤

j · ulj

<latexit sha1_base64="IOe4JbuCggvCqgTwfwsvnwCXEMM="></latexit>
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axion coupling to phonons

in an external magnetic field the axion couples to ions displacement

this induces a phonon excitations rate (per unit time and detector mass)

R =
2e2g2a��B

2

mcell

⇢a
m2

a

Z
d3va f(va)

3n+2X

⌫=6

ma!0
⌫,p�⌫,p

(m2
a � !02

⌫,p)
2 + (ma�⌫,p)2

<latexit sha1_base64="4+lvtdgTarmB6OgaK4JRzGlpCHA="></latexit>

������

X

j

3nX

⌫0=1

1
p
mj!⌫0,p

fj · ✏⇤⌫0,p,j

�
U⇤

⌫0⌫,p + V⌫0⌫,�p

�
������

2

<latexit sha1_base64="GsOk/oudRWPH0j98oaZvDZHqPJY="></latexit>

L = �1

4
ga��aFµ⌫ F̃

µ⌫
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Born charges  ion charge∼
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axion coupling to phonons

in an external magnetic field the axion couples to ions displacement
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axion coupling to phonons

in an external magnetic field the axion couples to ions displacement

local axion field amplitude
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axion coupling to phonons

in an external magnetic field the axion couples to ions displacement

DM velocity integral
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axion coupling to phonons

in an external magnetic field the axion couples to ions displacement

sum over final states

R =
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axion coupling to phonons

in an external magnetic field the axion couples to ions displacement

Breit–Wigner
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axion coupling to phonons

in an external magnetic field the axion couples to ions displacement

fixes selection rules
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axion coupling to phonons

in an external magnetic field the axion couples to ions displacement

photon - phonon mixing close to δνν′ 
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axion coupling to phonons

in an external magnetic field the axion couples to ions displacement

R ⇠
g2a��⇢a
m3

a

Z⇤2e2B2

"21m2
ion�

⇠ (kg·yr)�1

✓
ga��

10�13 GeV�1

◆2✓100meV

ma

◆3✓ B

10T

◆2✓meV

�

◆

<latexit sha1_base64="mmAHyiQx2RR8A+15w0pHbnUOOi0="></latexit>

on resonance

R =
2e2g2a��B

2

mcell

⇢a
m2

a

Z
d3va f(va)

3n+2X

⌫=6

ma!0
⌫,p�⌫,p

(m2
a � !02

⌫,p)
2 + (ma�⌫,p)2

<latexit sha1_base64="4+lvtdgTarmB6OgaK4JRzGlpCHA="></latexit>

������

X

j

3nX

⌫0=1

1
p
mj!⌫0,p

fj · ✏⇤⌫0,p,j

�
U⇤

⌫0⌫,p + V⌫0⌫,�p

�
������

2

<latexit sha1_base64="GsOk/oudRWPH0j98oaZvDZHqPJY="></latexit>

this induces a phonon excitations rate (per unit time and detector mass)

L = �1

4
ga��aFµ⌫ F̃

µ⌫

<latexit sha1_base64="ROJ9PdtGDNUybgyO6v+Dpx5JOF0=">AAACLnicbVDLSgMxFM34tr6qLt0Ei+DGMiMV3QiiKC5cKFgVOnW4k2ZqMMkMSUYoYb7Ijb+iC0FF3PoZpnUEXwcSDufcS3JOnHGmje8/eUPDI6Nj4xOTlanpmdm56vzCmU5zRWiTpDxVFzFoypmkTcMMpxeZoiBiTs/j672+f35DlWapPDW9jLYFdCVLGAHjpKi6HwowVwS4PSq218JEAbFBYRtFN7IQdkGI8i7gILKhyEOZF6 FhvEPxweWXEFVrft0fAP8lQUlqqMRxVH0IOynJBZWGcNC6FfiZaVtQhhFOi0qYa5oBuYYubTkqQVDdtoO4BV5xSgcnqXJHGjxQv29YEFr3ROwm++H0b68v/ue1cpNstS2TWW6oJJ8PJTnHJsX97nCHKUoM7zkCRDH3V0yuwFVmXMMVV0LwO/JfcrZeDxr1jZNGbWe3rGMCLaFltIoCtIl20CE6Rk1E0C26R8/oxbvzHr1X7+1zdMgrdxbRD3jvH1qwqpU=</latexit>

NR limit
�H = �ga��

Z
d3x aE ·B

<latexit sha1_base64="8uQSUMOyrsWae0Hq4Ol/6Z+ZsHY="></latexit>

in an external  fieldB

Born charges  ion charge∼

�H = �e ga��aB
X

lj

B̂ · "�1
1 · Z⇤

j · ulj

<latexit sha1_base64="IOe4JbuCggvCqgTwfwsvnwCXEMM="></latexit>



27

projected reach

10-12

10-11

10-10

10-9

10-8

10-7

10-2 10-1 1



28

projected reach

10-12

10-11

10-10

10-9

10-8

10-7

10-2 10-1 1

Optical branches

Al2O3

<latexit sha1_base64="rKQnECvGyEb5ggzdlDhUovCtu+s=">AAAB8nicbVBNSwMxEJ31s9avqkcvwSJ4Kru1oN6qXrxZwX7AdlmyabYNTTZLkhVK6c/w4kERr/4ab/4b03YP2vpg4PHeDDPzopQzbVz321lZXVvf2CxsFbd3dvf2SweHLS0zRWiTSC5VJ8KacpbQpmGG006qKBYRp+1oeDv1209UaSaTRzNKaSBwP2ExI9hYye8qga55WL0Pz8NS2a24M6Bl4uWkDDkaYemr25MkEzQxhGOtfc9NTTDGyjDC6aTYzTRNMRniPvUtTbCgOhjPTp6gU6v0UCyVrcSgmfp7YoyF1iMR2U6BzUAvelPxP8/PTHwZjFmSZoYmZL4ozjgyEk3/Rz2mKDF8ZAkmitlbERlghYmxKRVtCN7iy8ukVa14tcrVQ61cv8njKMAxnMAZeHABdbiDBjSBgIRneIU3xzgvzrvzMW9dcfKZI/gD5/MH/VCQbg==</latexit>

CaWO4

<latexit sha1_base64="C+QS5LvxhL5CXo06i72CPYt0mXQ=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbBU9mVgnor9uLNCvYD26Vk02wbmmSXJCuUpf/CiwdFvPpvvPlvzLZ70NYHA4/3ZpiZF8ScaeO6305hbX1jc6u4XdrZ3ds/KB8etXWUKEJbJOKR6gZYU84kbRlmOO3GimIRcNoJJo3M7zxRpVkkH8w0pr7AI8lCRrCx0mNfCdTAnbtBbVCuuFV3DrRKvJxUIEdzUP7qDyOSCCoN4VjrnufGxk+xMoxwOiv1E01jTCZ4RHuWSiyo9tP5xTN0ZpUhCiNlSxo0V39PpFhoPRWB7RTYjPWyl4n/eb3EhFd+ymScGCrJYlGYcGQilL2PhkxRYvjUEkwUs7ciMsYKE2NDKtkQvOWXV0n7ourVqtf3tUr9Jo+jCCdwCufgwSXU4Raa0AICEp7hFd4c7bw4787HorXg5DPH8AfO5w9xG5Ai</latexit>

GaAs

<latexit sha1_base64="YVoS3cQcf+Ze1PvO5BlI2vL1kiw=">AAAB73icbZDLSgMxFIbP1Fsdb1WXboJFcFVmRFAXYtWFLivYC7RDyaRpG5pkxiQjlKEv4caFIoIrn8S9G/FtTC8Lbf0h8PH/55BzThhzpo3nfTuZufmFxaXssruyura+kdvcqugoUYSWScQjVQuxppxJWjbMcFqLFcUi5LQa9i6HefWeKs0ieWv6MQ0E7kjWZgQba9UaSqArfK6bubxX8EZCs+BPIH/24Z7Gb19uqZn7bLQikggqDeFY67rvxSZIsTKMcDpwG4mmMSY93KF1ixILqoN0NO8A7VmnhdqRsk8aNHJ/d6RYaN0Xoa0U2HT1dDY0/8vqiWkfBymTcWKoJOOP2glHJkLD5VGLKUoM71vARDE7KyJdrDAx9kSuPYI/vfIsVA4K/mHh5MbLFy9grCzswC7sgw9HUIRrKEEZCHB4gCd4du6cR+fFeR2XZpxJzzb8kfP+A712kso=</latexit>

SiO2

<latexit sha1_base64="Ta9zTLBksJqBbif8/BRzngJop/c=">AAAB8HicbVDLSgNBEOyNrxhfUcGLl8EgeAq7QVBvIV68maB5SLKE2clsMmRmdpmZFULIV3jxoIhXwb/wC7x58VucPA6aWNBQVHXT3RXEnGnjul9Oaml5ZXUtvZ7Z2Nza3snu7tV0lChCqyTikWoEWFPOJK0aZjhtxIpiEXBaD/qXY79+T5Vmkbw1g5j6AnclCxnBxkp3LSXQDbtuF9rZnJt3J0CLxJuRXPGg8s3eSx/ldvaz1YlIIqg0hGOtm54bG3+IlWGE01GmlWgaY9LHXdq0VGJBtT+cHDxCx1bpoDBStqRBE/X3xBALrQcisJ0Cm56e98bif14zMeG5P2QyTgyVZLooTDgyERp/jzpMUWL4wBJMFLO3ItLDChNjM8rYELz5lxdJrZD3TvMXFZtGCaZIwyEcwQl4cAZFuIIyVIGAgAd4gmdHOY/Oi/M6bU05s5l9+APn7QfFkJN0</latexit>

tot Coupled

3 (deg) 3

33 11

1027

2024
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projected reach
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coupled modes depend on the magnetic field orientation
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projected reach

10-12

10-11
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10-12

10-11

10-10

10-9

10-8
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10-2 10-1 1

coupled modes depend on the magnetic field orientation

XENON anomaly?
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possible read-out strategies

read-out complicated by the strong external 
magnetic field

 standard TES read out does not work

possible solutions

helium evaporation photon read-out

good efficiency

need very well 
polished samples 

…

main open question: 
TO-phonon BR into 

photons

???

???



Magnons
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magnons

generic material
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magnons

H = �J
X

ij

Si · Sj

<latexit sha1_base64="70tncaNqJ7gKWFyYFe68m7sRiBs=">AAACGXicbVBLS8NAGNz4rPUV9ehlsQgetCRSUA9C0UvxVNE+oAlhs9m0224e7G6EEvI3vPhXvHhQxKOe/Ddu2hy0dWBhdub72J1xY0aFNIxvbWFxaXlltbRWXt/Y3NrWd3bbIko4Ji0csYh3XSQIoyFpSSoZ6cacoMBlpOOOrnO/80C4oFF4L8cxsQPUD6lPMZJKcnTDCpAcYMTSRnZ5cmOJJHBSOsys49RyfXiXOdTCXiSnN2eYOXrFqBoTwHliFqQCCjQd/dPyIpwEJJSYISF6phFLO0VcUsxIVrYSQWKER6hPeoqGKCDCTifJMnioFA/6EVcnlHCi/t5IUSDEOHDVZJ5DzHq5+J/XS6R/bqc0jBNJQjx9yE8YlBHMa4Ie5QRLNlYEYU7VXyEeII6wVGWWVQnmbOR50j6tmrXqxW2tUr8q6iiBfXAAjoAJzkAdNEATtAAGj+AZvII37Ul70d61j+noglbs7IE/0L5+ANuNoNk=</latexit>

ferromagnet ( )J > 0
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magnons

quanta of excitations about the magnetically 
order ground states are magnons 

ferromagnet ( )J > 0

H = �J
X

ij

Si · Sj

<latexit sha1_base64="70tncaNqJ7gKWFyYFe68m7sRiBs=">AAACGXicbVBLS8NAGNz4rPUV9ehlsQgetCRSUA9C0UvxVNE+oAlhs9m0224e7G6EEvI3vPhXvHhQxKOe/Ddu2hy0dWBhdub72J1xY0aFNIxvbWFxaXlltbRWXt/Y3NrWd3bbIko4Ji0csYh3XSQIoyFpSSoZ6cacoMBlpOOOrnO/80C4oFF4L8cxsQPUD6lPMZJKcnTDCpAcYMTSRnZ5cmOJJHBSOsys49RyfXiXOdTCXiSnN2eYOXrFqBoTwHliFqQCCjQd/dPyIpwEJJSYISF6phFLO0VcUsxIVrYSQWKER6hPeoqGKCDCTifJMnioFA/6EVcnlHCi/t5IUSDEOHDVZJ5DzHq5+J/XS6R/bqc0jBNJQjx9yE8YlBHMa4Ie5QRLNlYEYU7VXyEeII6wVGWWVQnmbOR50j6tmrXqxW2tUr8q6iiBfXAAjoAJzkAdNEATtAAGj+AZvII37Ul70d61j+noglbs7IE/0L5+ANuNoNk=</latexit>
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magnons

quanta of excitations about the magnetically 
order ground states are magnons 

ferromagnet ( )J > 0

H = �J
X

ij

Si · Sj

<latexit sha1_base64="70tncaNqJ7gKWFyYFe68m7sRiBs=">AAACGXicbVBLS8NAGNz4rPUV9ehlsQgetCRSUA9C0UvxVNE+oAlhs9m0224e7G6EEvI3vPhXvHhQxKOe/Ddu2hy0dWBhdub72J1xY0aFNIxvbWFxaXlltbRWXt/Y3NrWd3bbIko4Ji0csYh3XSQIoyFpSSoZ6cacoMBlpOOOrnO/80C4oFF4L8cxsQPUD6lPMZJKcnTDCpAcYMTSRnZ5cmOJJHBSOsys49RyfXiXOdTCXiSnN2eYOXrFqBoTwHliFqQCCjQd/dPyIpwEJJSYISF6phFLO0VcUsxIVrYSQWKER6hPeoqGKCDCTifJMnioFA/6EVcnlHCi/t5IUSDEOHDVZJ5DzHq5+J/XS6R/bqc0jBNJQjx9yE8YlBHMa4Ie5QRLNlYEYU7VXyEeII6wVGWWVQnmbOR50j6tmrXqxW2tUr8q6iiBfXAAjoAJzkAdNEATtAAGj+AZvII37Ul70d61j+noglbs7IE/0L5+ANuNoNk=</latexit>

ω(k)

k

gapless mode associated to broken rotation symmetry 

gapped modes arise when inequivalent ions are present in the primitive cell
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magnons in real life 
magnetic cell

rotation from global to local coordinates

S↵
lj = R↵�

j S0�
lj

<latexit sha1_base64="R+C+IV12SqiOZAuV+qn1nM9RxhI="></latexit>

Slj

<latexit sha1_base64="O6Q/F0Pp1wRbc07cXCOXzhplmgg=">AAAB83icdVDLSsNAFJ34rPVVdelmsAiuQtLGNt0V3bisaB/QhDKZTtqxk0mYmQgl5DfcuFDErT/jzr9x+hBU9MCFwzn3cu89QcKoVJb1Yaysrq1vbBa2its7u3v7pYPDjoxTgUkbxywWvQBJwignbUUVI71EEBQFjHSDyeXM794TIWnMb9U0IX6ERpyGFCOlJS/zghDe5IOM3eWDUtkyrfNqvepCy6w03FrF0aRm1WuOC23TmqMMlmgNSu/eMMZpRLjCDEnZt61E+RkSimJG8qKXSpIgPEEj0teUo4hIP5vfnMNTrQxhGAtdXMG5+n0iQ5GU0yjQnRFSY/nbm4l/ef1Uha6fUZ6kinC8WBSmDKoYzgKAQyoIVmyqCcKC6lshHiOBsNIxFXUIX5/C/0mnYtqO2bh2ys2LZRwFcAxOwBmwQR00wRVogTbAIAEP4Ak8G6nxaLwYr4vWFWM5cwR+wHj7BI/3khI=</latexit>

S0
lj

<latexit sha1_base64="JR9Jmn7OfaLluNdK4nhGwaBUYkw=">AAAB9HicdVDLTgIxFO3gC/GFunTTSIyuJh0EgR3RjUuMAiYwIZ3SgUqnM7YdEjKZ73DjQmPc+jHu/BvLw0SNnuQmJ+fcm3vv8SLOlEbow8osLa+srmXXcxubW9s7+d29lgpjSWiThDyUtx5WlDNBm5ppTm8jSXHgcdr2RhdTvz2mUrFQ3OhJRN0ADwTzGcHaSG7S9Xx4nR73En6X9vIFZDtOpXxWg8gul51SsWIIOi2iahU6NpqhABZo9PLv3X5I4oAKTThWquOgSLsJlpoRTtNcN1Y0wmSEB7RjqMABVW4yOzqFR0bpQz+UpoSGM/X7RIIDpSaBZzoDrIfqtzcV//I6sfarbsJEFGsqyHyRH3OoQzhNAPaZpETziSGYSGZuhWSIJSba5JQzIXx9Cv8nraLtlOzaValQP1/EkQUH4BCcAAdUQB1cggZoAgLuwQN4As/W2Hq0XqzXeWvGWszsgx+w3j4B33GSNQ==</latexit>

S0+
lj =

�
2Sj � â†lj âlj

�1/2
âlj

<latexit sha1_base64="GjeRPmGgBdlVR+BeygRf4ChwZ+I="></latexit>

S0�
lj = â†lj

�
2Sj � â†lj âlj

�1/2

<latexit sha1_base64="pE49rbVEwNxgHhAzR3jNZe37mQA="></latexit>

S0z
lj = Sj � â†lj âlj

<latexit sha1_base64="oDd1yVWQsVsKNoKAu4gz/tvXzsA=">AAACGXicbZC7SgNBFIZn4y3GW9TSZjCINoZdCaiFELSxjMRcIJssZyezySSzF2ZmhbjkNWx8FRsLRSy18m2cXIqY+MPAz3fO4cz53YgzqUzzx0gtLa+srqXXMxubW9s72d29qgxjQWiFhDwUdRck5SygFcUUp/VIUPBdTmtu/2ZUrz1QIVkY3KtBRJs+dALmMQJKIydrlp2E94bHrUd8hctOD5/aXVAYxrRlt6HToQLPMCebM/PmWHjRWFOTQ1OVnOyX3Q5J7NNAEQ5SNiwzUs0EhGKE02HGjiWNgPShQxvaBuBT2UzGlw3xkSZt7IVCv0DhMZ2dSMCXcuC7utMH1ZXztRH8r9aIlXfRTFgQxYoGZLLIizlWIR7FhNtMUKL4QBsggum/YtIFAUTpMDM6BGv+5EVTPctbhfzlXSFXvJ7GkUYH6BCdIAudoyK6RSVUQQQ9oRf0ht6NZ+PV+DA+J60pYzqzj/7I+P4FHuKfzg==</latexit>
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magnons in real life 
magnetic cell

rotation from global to local coordinates

S↵
lj = R↵�

j S0�
lj

<latexit sha1_base64="R+C+IV12SqiOZAuV+qn1nM9RxhI="></latexit>

Slj

<latexit sha1_base64="O6Q/F0Pp1wRbc07cXCOXzhplmgg=">AAAB83icdVDLSsNAFJ34rPVVdelmsAiuQtLGNt0V3bisaB/QhDKZTtqxk0mYmQgl5DfcuFDErT/jzr9x+hBU9MCFwzn3cu89QcKoVJb1Yaysrq1vbBa2its7u3v7pYPDjoxTgUkbxywWvQBJwignbUUVI71EEBQFjHSDyeXM794TIWnMb9U0IX6ERpyGFCOlJS/zghDe5IOM3eWDUtkyrfNqvepCy6w03FrF0aRm1WuOC23TmqMMlmgNSu/eMMZpRLjCDEnZt61E+RkSimJG8qKXSpIgPEEj0teUo4hIP5vfnMNTrQxhGAtdXMG5+n0iQ5GU0yjQnRFSY/nbm4l/ef1Uha6fUZ6kinC8WBSmDKoYzgKAQyoIVmyqCcKC6lshHiOBsNIxFXUIX5/C/0mnYtqO2bh2ys2LZRwFcAxOwBmwQR00wRVogTbAIAEP4Ak8G6nxaLwYr4vWFWM5cwR+wHj7BI/3khI=</latexit>

S0
lj

<latexit sha1_base64="JR9Jmn7OfaLluNdK4nhGwaBUYkw=">AAAB9HicdVDLTgIxFO3gC/GFunTTSIyuJh0EgR3RjUuMAiYwIZ3SgUqnM7YdEjKZ73DjQmPc+jHu/BvLw0SNnuQmJ+fcm3vv8SLOlEbow8osLa+srmXXcxubW9s7+d29lgpjSWiThDyUtx5WlDNBm5ppTm8jSXHgcdr2RhdTvz2mUrFQ3OhJRN0ADwTzGcHaSG7S9Xx4nR73En6X9vIFZDtOpXxWg8gul51SsWIIOi2iahU6NpqhABZo9PLv3X5I4oAKTThWquOgSLsJlpoRTtNcN1Y0wmSEB7RjqMABVW4yOzqFR0bpQz+UpoSGM/X7RIIDpSaBZzoDrIfqtzcV//I6sfarbsJEFGsqyHyRH3OoQzhNAPaZpETziSGYSGZuhWSIJSba5JQzIXx9Cv8nraLtlOzaValQP1/EkQUH4BCcAAdUQB1cggZoAgLuwQN4As/W2Hq0XqzXeWvGWszsgx+w3j4B33GSNQ==</latexit>

S0+
lj =

�
2Sj � â†lj âlj

�1/2
âlj

<latexit sha1_base64="GjeRPmGgBdlVR+BeygRf4ChwZ+I="></latexit>

S0�
lj = â†lj

�
2Sj � â†lj âlj

�1/2

<latexit sha1_base64="pE49rbVEwNxgHhAzR3jNZe37mQA="></latexit>

S0z
lj = Sj � â†lj âlj

<latexit sha1_base64="oDd1yVWQsVsKNoKAu4gz/tvXzsA=">AAACGXicbZC7SgNBFIZn4y3GW9TSZjCINoZdCaiFELSxjMRcIJssZyezySSzF2ZmhbjkNWx8FRsLRSy18m2cXIqY+MPAz3fO4cz53YgzqUzzx0gtLa+srqXXMxubW9s72d29qgxjQWiFhDwUdRck5SygFcUUp/VIUPBdTmtu/2ZUrz1QIVkY3KtBRJs+dALmMQJKIydrlp2E94bHrUd8hctOD5/aXVAYxrRlt6HToQLPMCebM/PmWHjRWFOTQ1OVnOyX3Q5J7NNAEQ5SNiwzUs0EhGKE02HGjiWNgPShQxvaBuBT2UzGlw3xkSZt7IVCv0DhMZ2dSMCXcuC7utMH1ZXztRH8r9aIlXfRTFgQxYoGZLLIizlWIR7FhNtMUKL4QBsggum/YtIFAUTpMDM6BGv+5EVTPctbhfzlXSFXvJ7GkUYH6BCdIAudoyK6RSVUQQQ9oRf0ht6NZ+PV+DA+J60pYzqzj/7I+P4FHuKfzg==</latexit>

H =
X

ll0jj0

Slj · Jll0jj0 · Sl0j0

<latexit sha1_base64="IWnGBHZGmEf/bkEcH1GDgRCNPbs="></latexit>

H =
nX

⌫=1

X

k

!⌫,kâ
0†
⌫,kâ

0
⌫,k

<latexit sha1_base64="dE4gh7iJ929tA9B729J+0WV+8bc="></latexit>

ak = Tk · a0k

<latexit sha1_base64="dhZdRn78ssmPfVTwENnPXmli2xo=">AAACPXicbVDLSsNAFJ34rPUVdelmsIiuSiIFdSEU3bis0Bc0oUwmk3boJBNmJkIJ+Ro/xLVbXfkBLgRx69ZJG4ptPTBwOOdc7p3jxYxKZVnvxsrq2vrGZmmrvL2zu7dvHhy2JU8EJi3MGRddD0nCaERaiipGurEgKPQY6Xiju9zvPBIhKY+aahwTN0SDiAYUI6WlvnnjhEgNPS9FWT91vACOspnUnEkO9rlaTp71zYpVtSaAy8QuSAUUaPTNT8fnOAlJpDBDUvZsK1ZuioSimJGs7CSSxAiP0ID0NI1QSKSbTr6ZwVOt+DDgQr9IwYn6dyJFoZTj0NPJ/FS56OXif14vUcGVm9IoThSJ8HRRkDCoOMw7gz4VBCs21gRhQfWtEA+RQFjpZue2TCviLCuXdTf2YhPLpH1RtWvV64dapX5btFQCx+AEnAMbXII6uAcN0AIYPIEX8ArejGfjw/gyvqfRFaOYOQJzMH5+AZbXsEU=</latexit>

ak ⌘
h
â01,k, . . . , â

0
n,k, â

0†
1,�k, . . . , â

0†
n,�k

iT

<latexit sha1_base64="BjvJbCKFRvDQ8rZnExBeNZiTuvk="></latexit>
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magnons in real life 
magnetic cell

rotation from global to local coordinates

S↵
lj = R↵�

j S0�
lj

Slj S0
lj

S0+
lj =

�
2Sj � â†lj âlj

�1/2
âlj S0�

lj = â†lj
�
2Sj � â†lj âlj

�1/2 S0z
lj = Sj � â†lj âlj

H =
X

ll0jj0

Slj · Jll0jj0 · Sl0j0 H =
nX

⌫=1

X

k

!⌫,kâ
0†
⌫,kâ

0
⌫,k

ak = Tk · a0k

ak ⌘
h
â01,k, . . . , â

0
n,k, â

0†
1,�k, . . . , â

0†
n,�k

iT

one phonon branch (one of which gapless) for each magnetic ion in the unit cell
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YIG

figure from Trickle, Zhang, Zurek, 1905.13744
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axion coupling to magnons

NR limit

the axion wind couples to ions spins

L � gaee
2me

(@µa)( ̄�
µ�5 )

<latexit sha1_base64="Y57N01Q4R12/NCwKxxC+8AFalF0="></latexit>

�H =
gaee
me

ra · se

<latexit sha1_base64="WvnXf/Q6v7q+3n7OhcdeRXcH1c8="></latexit>

�H =
X

j

gaee(gj � 1)

me
ra · Sj

<latexit sha1_base64="Fhw0I5V0usbOvYUrRdSlJU8WSzM="></latexit>

: Landé g-factorgj

<latexit sha1_base64="/Sy57TOoFg2BoAEdD1OaDdEze6U=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4r2g9oQ9lsN+nazSbsToRS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJXCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNEmmGW+wRCa6HVDDpVC8gQIlb6ea0ziQvBUMb6Z+64lrIxL1gKOU+zGNlAgFo2il+6j32CtX3Ko7A1kmXk4qkKPeK391+wnLYq6QSWpMx3NT9MdUo2CST0rdzPCUsiGNeMdSRWNu/PHs1Ak5sUqfhIm2pZDM1N8TYxobM4oD2xlTHJhFbyr+53UyDC/9sVBphlyx+aIwkwQTMv2b9IXmDOXIEsq0sLcSNqCaMrTplGwI3uLLy6R5VvXOq1d355XadR5HEY7gGE7BgwuowS3UoQEMIniGV3hzpPPivDsf89aCk88cwh84nz9MDo3U</latexit>
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axion coupling to magnons

NR limit

the axion wind couples to ions spins

L � gaee
2me

(@µa)( ̄�
µ�5 )

<latexit sha1_base64="Y57N01Q4R12/NCwKxxC+8AFalF0="></latexit>

�H =
gaee
me

ra · se

<latexit sha1_base64="WvnXf/Q6v7q+3n7OhcdeRXcH1c8="></latexit>

�H =
X

j

gaee(gj � 1)

me
ra · Sj

<latexit sha1_base64="Fhw0I5V0usbOvYUrRdSlJU8WSzM="></latexit>

this induces a magnon excitations rate (per unit time and detector mass)

: Landé g-factorgj

<latexit sha1_base64="/Sy57TOoFg2BoAEdD1OaDdEze6U=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4r2g9oQ9lsN+nazSbsToRS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJXCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNEmmGW+wRCa6HVDDpVC8gQIlb6ea0ziQvBUMb6Z+64lrIxL1gKOU+zGNlAgFo2il+6j32CtX3Ko7A1kmXk4qkKPeK391+wnLYq6QSWpMx3NT9MdUo2CST0rdzPCUsiGNeMdSRWNu/PHs1Ak5sUqfhIm2pZDM1N8TYxobM4oD2xlTHJhFbyr+53UyDC/9sVBphlyx+aIwkwQTMv2b9IXmDOXIEsq0sLcSNqCaMrTplGwI3uLLy6R5VvXOq1d355XadR5HEY7gGE7BgwuowS3UoQEMIniGV3hzpPPivDsf89aCk88cwh84nz9MDo3U</latexit>

R =
g2aee

m2
e mcell

⇢a
m2

a

Z
d3va f(va)

3n+2X

⌫=6

ma!0
⌫,p�⌫,p

(m2
a � !02

⌫,p)
2 + (ma�⌫,p)2

<latexit sha1_base64="Q8JxcrdwSmPOAHTNnYG/+vQ/sdc="></latexit>

������

X

j

3nX

⌫0=1

(gj � 1)
p
mj!⌫0,p

pa · ✏⇤⌫0,p,j

�
U⇤

⌫0⌫,p + V⌫0⌫,�p

�
������

2

<latexit sha1_base64="llwwrvvi5zlKRqTdZPz4RQN+Otg="></latexit>
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axion coupling to magnons

NR limit

the axion wind couples to ions spins

L � gaee
2me

(@µa)( ̄�
µ�5 )

<latexit sha1_base64="Y57N01Q4R12/NCwKxxC+8AFalF0="></latexit>

�H =
gaee
me

ra · se

<latexit sha1_base64="WvnXf/Q6v7q+3n7OhcdeRXcH1c8="></latexit>

�H =
X

j

gaee(gj � 1)

me
ra · Sj

<latexit sha1_base64="Fhw0I5V0usbOvYUrRdSlJU8WSzM="></latexit>

this induces a magnon excitations rate (per unit time and detector mass)

: Landé g-factorgj

<latexit sha1_base64="/Sy57TOoFg2BoAEdD1OaDdEze6U=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4r2g9oQ9lsN+nazSbsToRS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJXCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNEmmGW+wRCa6HVDDpVC8gQIlb6ea0ziQvBUMb6Z+64lrIxL1gKOU+zGNlAgFo2il+6j32CtX3Ko7A1kmXk4qkKPeK391+wnLYq6QSWpMx3NT9MdUo2CST0rdzPCUsiGNeMdSRWNu/PHs1Ak5sUqfhIm2pZDM1N8TYxobM4oD2xlTHJhFbyr+53UyDC/9sVBphlyx+aIwkwQTMv2b9IXmDOXIEsq0sLcSNqCaMrTplGwI3uLLy6R5VvXOq1d355XadR5HEY7gGE7BgwuowS3UoQEMIniGV3hzpPPivDsf89aCk88cwh84nz9MDo3U</latexit>

R =
g2aee

m2
e mcell

⇢a
m2

a

Z
d3va f(va)

3n+2X

⌫=6

ma!0
⌫,p�⌫,p

(m2
a � !02

⌫,p)
2 + (ma�⌫,p)2

<latexit sha1_base64="Q8JxcrdwSmPOAHTNnYG/+vQ/sdc="></latexit>

������

X

j

3nX

⌫0=1

(gj � 1)
p
mj!⌫0,p

pa · ✏⇤⌫0,p,j

�
U⇤

⌫0⌫,p + V⌫0⌫,�p

�
������

2

<latexit sha1_base64="llwwrvvi5zlKRqTdZPz4RQN+Otg="></latexit>

sets the signal intensity sets selection rules
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axion coupling to magnons

NR limit

the axion wind couples to ions spins

L � gaee
2me

(@µa)( ̄�
µ�5 )

<latexit sha1_base64="Y57N01Q4R12/NCwKxxC+8AFalF0="></latexit>

�H =
gaee
me

ra · se

<latexit sha1_base64="WvnXf/Q6v7q+3n7OhcdeRXcH1c8="></latexit>

�H =
X

j

gaee(gj � 1)

me
ra · Sj

<latexit sha1_base64="Fhw0I5V0usbOvYUrRdSlJU8WSzM="></latexit>

this induces a magnon excitations rate (per unit time and detector mass)

: Landé g-factorgj

<latexit sha1_base64="/Sy57TOoFg2BoAEdD1OaDdEze6U=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4r2g9oQ9lsN+nazSbsToRS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJXCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNEmmGW+wRCa6HVDDpVC8gQIlb6ea0ziQvBUMb6Z+64lrIxL1gKOU+zGNlAgFo2il+6j32CtX3Ko7A1kmXk4qkKPeK391+wnLYq6QSWpMx3NT9MdUo2CST0rdzPCUsiGNeMdSRWNu/PHs1Ak5sUqfhIm2pZDM1N8TYxobM4oD2xlTHJhFbyr+53UyDC/9sVBphlyx+aIwkwQTMv2b9IXmDOXIEsq0sLcSNqCaMrTplGwI3uLLy6R5VvXOq1d355XadR5HEY7gGE7BgwuowS3UoQEMIniGV3hzpPPivDsf89aCk88cwh84nz9MDo3U</latexit>

R =
g2aee

m2
e mcell

⇢a
m2

a

Z
d3va f(va)

3n+2X

⌫=6

ma!0
⌫,p�⌫,p

(m2
a � !02

⌫,p)
2 + (ma�⌫,p)2

<latexit sha1_base64="Q8JxcrdwSmPOAHTNnYG/+vQ/sdc="></latexit>

������

X

j

3nX

⌫0=1

(gj � 1)
p
mj!⌫0,p

pa · ✏⇤⌫0,p,j

�
U⇤

⌫0⌫,p + V⌫0⌫,�p

�
������

2

<latexit sha1_base64="llwwrvvi5zlKRqTdZPz4RQN+Otg="></latexit>

R ⇠ g2aee ⇢av
2
a

m2
e

ns

⇢T �
⇠ (kg·yr)�1

⇣ gaee
10�15

⌘2
✓
µeV

�

◆

<latexit sha1_base64="+mj6rtFSUVuvb+qWkhcXU0nd0Mw="></latexit>

sets the signal intensity sets selection rules

on resonance
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for  only gapless modes can be excitedk → 0

perturbation ⇠
X

jl

gj fj · Sjl

<latexit sha1_base64="uBKjmZyc1sPhlhIkifMPbSZwyQQ="></latexit>

d

dt

�
Slj · Sl0j0

�
= (gjfj � gj0fj0) · (Slj ⇥ Sl0j0) = 0

<latexit sha1_base64="VOBj8aZTAHgzh7Csf7+KcJcUJIY="></latexit>

fj = fj0

<latexit sha1_base64="CLmt7feTq51cP7FJ9NZjcrLhpsg=">AAAB/3icbZDLSsNAFIZPvNZ6iwpu3AwW0VVJpKAuhKIblxXsBdoQJtNJO+3kwsxEKDELX8WNC0Xc+hrufBunbQRt/WHg4z/ncM78XsyZVJb1ZSwsLi2vrBbWiusbm1vb5s5uQ0aJILROIh6Jlocl5SykdcUUp61YUBx4nDa94fW43rynQrIovFOjmDoB7oXMZwQrbbnmftrxfORn7uDyh9LBceaaJatsTYTmwc6hBLlqrvnZ6UYkCWioCMdStm0rVk6KhWKE06zYSSSNMRniHm1rDHFApZNO7s/QkXa6yI+EfqFCE/f3RIoDKUeBpzsDrPpytjY2/6u1E+WfOykL40TRkEwX+QlHKkLjMFCXCUoUH2nARDB9KyJ9LDBROrKiDsGe/fI8NE7LdqV8cVspVa/yOApwAIdwAjacQRVuoAZ1IPAAT/ACr8aj8Wy8Ge/T1gUjn9mDPzI+vgF385XF</latexit>

for  k → 0
gj = gj0

<latexit sha1_base64="Ts2A8SEjYnjFRcK6wiqbMAIAwTs=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbRU0mkoB6EohePFewHtiFstpt0280m7G6EEvovvHhQxKv/xpv/xm2bg7Y+GHi8N8PMPD/hTGnb/rYKK6tr6xvFzdLW9s7uXnn/oKXiVBLaJDGPZcfHinImaFMzzWknkRRHPqdtf3Q79dtPVCoWiwc9Tqgb4VCwgBGsjfQYesPr0MuGpxOvXLGr9gxomTg5qUCOhlf+6vVjkkZUaMKxUl3HTrSbYakZ4XRS6qWKJpiMcEi7hgocUeVms4sn6MQofRTE0pTQaKb+nshwpNQ48k1nhPVALXpT8T+vm+rg0s2YSFJNBZkvClKOdIym76M+k5RoPjYEE8nMrYgMsMREm5BKJgRn8eVl0jqvOrXq1X2tUr/J4yjCERzDGThwAXW4gwY0gYCAZ3iFN0tZL9a79TFvLVj5zCH8gfX5Azq0kKY=</latexit>

)

<latexit sha1_base64="4wBvpVznjABNZuf+wx1UgGItNas=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQiqLeiF49V7AekoWy2m3bpZjfsTpRS+jO8eFDEq7/Gm//GbZuDtj4YeLw3w8y8KBXcoOd9O4WV1bX1jeJmaWt7Z3evvH/QNCrTlDWoEkq3I2KY4JI1kKNg7VQzkkSCtaLhzdRvPTJtuJIPOEpZmJC+5DGnBK0UdO55f4BEa/XULVe8qjeDu0z8nFQgR71b/ur0FM0SJpEKYkzgeymGY6KRU8EmpU5mWErokPRZYKkkCTPheHbyxD2xSs+NlbYl0Z2pvyfGJDFmlES2MyE4MIveVPzPCzKML8Mxl2mGTNL5ojgTLip3+r/b45pRFCNLCNXc3urSAdGEok2pZEPwF19eJs2zqn9evbo7r9Su8ziKcATHcAo+XEANbqEODaCg4Ble4c1B58V5dz7mrQUnnzmEP3A+fwCU+5F5</latexit>

�E = 0

<latexit sha1_base64="S/8Jm/Bxk6zVbGs1JGcqef5eCyU=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKexKQD0IQRE8RjAPTJYwO+kkQ2Znl5lZISz5Cy8eFPHq33jzb5wke9DEgoaiqpvuriAWXBvX/XZyK6tr6xv5zcLW9s7uXnH/oKGjRDGss0hEqhVQjYJLrBtuBLZihTQMBDaD0c3Ubz6h0jySD2Ycox/SgeR9zqix0mOnh8JQcnvldoslt+zOQJaJl5ESZKh1i1+dXsSSEKVhgmrd9tzY+ClVhjOBk0In0RhTNqIDbFsqaYjaT2cXT8iJVXqkHylb0pCZ+nsipaHW4zCwnSE1Q73oTcX/vHZi+hd+ymWcGJRsvqifCGIiMn2f9LhCZsTYEsoUt7cSNqSKMmNDKtgQvMWXl0njrOxVypf3lVL1OosjD0dwDKfgwTlU4Q5qUAcGEp7hFd4c7bw4787HvDXnZDOH8AfO5w9yVZAi</latexit>

i.e. only gapless mode can be excited

selection rules and ways around them 

H /

X
Slj · Sl0j0

<latexit sha1_base64="1K5CA4tJrKs+oFWEOn2lT0tKnxE=">AAACIHicbVDLSgMxFM34rPVVdekmWKSuyowUqruimy4r2gd0ypDJZNq0mUlIMkIZ5lPc+CtuXCiiO/0a0weorQcCh3Pu5eYcXzCqtG1/Wiura+sbm7mt/PbO7t5+4eCwpXgiMWlizrjs+EgRRmPS1FQz0hGSoMhnpO2Prid++55IRXl8p8eC9CLUj2lIMdJG8gpVN0J6gBFL65krJBeaQ1clEUxdP4S3mZeyYebigOsfoTQsZV6haJftKeAyceakCOZoeIUPN+A4iUisMUNKdR1b6F6KpKaYkSzvJooIhEeoT7qGxigiqpdOA2bw1CgBDLk0L9Zwqv7eSFGk1DjyzeQkjlr0JuJ/XjfR4UUvpbFINInx7FCYMGhamLQFAyoJ1mxsCMKSmr9CPEASYW06zZsSnMXIy6R1XnYq5cubSrF2Na8jB47BCTgDDqiCGqiDBmgCDB7AE3gBr9aj9Wy9We+z0RVrvnME/sD6+gbvfqQQ</latexit>
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selection rules and ways around them 

for  only gapless modes can be excitedk → 0

perturbation ⇠
X

jl

gj fj · Sjl

<latexit sha1_base64="uBKjmZyc1sPhlhIkifMPbSZwyQQ="></latexit>

d

dt

�
Slj · Sl0j0

�
= (gjfj � gj0fj0) · (Slj ⇥ Sl0j0) = 0

<latexit sha1_base64="VOBj8aZTAHgzh7Csf7+KcJcUJIY="></latexit>

fj = fj0

<latexit sha1_base64="CLmt7feTq51cP7FJ9NZjcrLhpsg=">AAAB/3icbZDLSsNAFIZPvNZ6iwpu3AwW0VVJpKAuhKIblxXsBdoQJtNJO+3kwsxEKDELX8WNC0Xc+hrufBunbQRt/WHg4z/ncM78XsyZVJb1ZSwsLi2vrBbWiusbm1vb5s5uQ0aJILROIh6Jlocl5SykdcUUp61YUBx4nDa94fW43rynQrIovFOjmDoB7oXMZwQrbbnmftrxfORn7uDyh9LBceaaJatsTYTmwc6hBLlqrvnZ6UYkCWioCMdStm0rVk6KhWKE06zYSSSNMRniHm1rDHFApZNO7s/QkXa6yI+EfqFCE/f3RIoDKUeBpzsDrPpytjY2/6u1E+WfOykL40TRkEwX+QlHKkLjMFCXCUoUH2nARDB9KyJ9LDBROrKiDsGe/fI8NE7LdqV8cVspVa/yOApwAIdwAjacQRVuoAZ1IPAAT/ACr8aj8Wy8Ge/T1gUjn9mDPzI+vgF385XF</latexit>

for  k → 0
gj = gj0

<latexit sha1_base64="Ts2A8SEjYnjFRcK6wiqbMAIAwTs=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbRU0mkoB6EohePFewHtiFstpt0280m7G6EEvovvHhQxKv/xpv/xm2bg7Y+GHi8N8PMPD/hTGnb/rYKK6tr6xvFzdLW9s7uXnn/oKXiVBLaJDGPZcfHinImaFMzzWknkRRHPqdtf3Q79dtPVCoWiwc9Tqgb4VCwgBGsjfQYesPr0MuGpxOvXLGr9gxomTg5qUCOhlf+6vVjkkZUaMKxUl3HTrSbYakZ4XRS6qWKJpiMcEi7hgocUeVms4sn6MQofRTE0pTQaKb+nshwpNQ48k1nhPVALXpT8T+vm+rg0s2YSFJNBZkvClKOdIym76M+k5RoPjYEE8nMrYgMsMREm5BKJgRn8eVl0jqvOrXq1X2tUr/J4yjCERzDGThwAXW4gwY0gYCAZ3iFN0tZL9a79TFvLVj5zCH8gfX5Azq0kKY=</latexit>

)

<latexit sha1_base64="4wBvpVznjABNZuf+wx1UgGItNas=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQiqLeiF49V7AekoWy2m3bpZjfsTpRS+jO8eFDEq7/Gm//GbZuDtj4YeLw3w8y8KBXcoOd9O4WV1bX1jeJmaWt7Z3evvH/QNCrTlDWoEkq3I2KY4JI1kKNg7VQzkkSCtaLhzdRvPTJtuJIPOEpZmJC+5DGnBK0UdO55f4BEa/XULVe8qjeDu0z8nFQgR71b/ur0FM0SJpEKYkzgeymGY6KRU8EmpU5mWErokPRZYKkkCTPheHbyxD2xSs+NlbYl0Z2pvyfGJDFmlES2MyE4MIveVPzPCzKML8Mxl2mGTNL5ojgTLip3+r/b45pRFCNLCNXc3urSAdGEok2pZEPwF19eJs2zqn9evbo7r9Su8ziKcATHcAo+XEANbqEODaCg4Ble4c1B58V5dz7mrQUnnzmEP3A+fwCU+5F5</latexit>

�E = 0

<latexit sha1_base64="S/8Jm/Bxk6zVbGs1JGcqef5eCyU=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKexKQD0IQRE8RjAPTJYwO+kkQ2Znl5lZISz5Cy8eFPHq33jzb5wke9DEgoaiqpvuriAWXBvX/XZyK6tr6xv5zcLW9s7uXnH/oKGjRDGss0hEqhVQjYJLrBtuBLZihTQMBDaD0c3Ubz6h0jySD2Ycox/SgeR9zqix0mOnh8JQcnvldoslt+zOQJaJl5ESZKh1i1+dXsSSEKVhgmrd9tzY+ClVhjOBk0In0RhTNqIDbFsqaYjaT2cXT8iJVXqkHylb0pCZ+nsipaHW4zCwnSE1Q73oTcX/vHZi+hd+ymWcGJRsvqifCGIiMn2f9LhCZsTYEsoUt7cSNqSKMmNDKtgQvMWXl0njrOxVypf3lVL1OosjD0dwDKfgwTlU4Q5qUAcGEp7hFd4c7bw4787HvDXnZDOH8AfO5w9yVZAi</latexit>

i.e. only gapless mode can be excited

Non-degenerate g factors

H /

X
Slj · Sl0j0

<latexit sha1_base64="1K5CA4tJrKs+oFWEOn2lT0tKnxE=">AAACIHicbVDLSgMxFM34rPVVdekmWKSuyowUqruimy4r2gd0ypDJZNq0mUlIMkIZ5lPc+CtuXCiiO/0a0weorQcCh3Pu5eYcXzCqtG1/Wiura+sbm7mt/PbO7t5+4eCwpXgiMWlizrjs+EgRRmPS1FQz0hGSoMhnpO2Prid++55IRXl8p8eC9CLUj2lIMdJG8gpVN0J6gBFL65krJBeaQ1clEUxdP4S3mZeyYebigOsfoTQsZV6haJftKeAyceakCOZoeIUPN+A4iUisMUNKdR1b6F6KpKaYkSzvJooIhEeoT7qGxigiqpdOA2bw1CgBDLk0L9Zwqv7eSFGk1DjyzeQkjlr0JuJ/XjfR4UUvpbFINInx7FCYMGhamLQFAyoJ1mxsCMKSmr9CPEASYW06zZsSnMXIy6R1XnYq5cubSrF2Na8jB47BCTgDDqiCGqiDBmgCDB7AE3gBr9aj9Wy9We+z0RVrvnME/sD6+gbvfqQQ</latexit>
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for  only gapless modes can be excitedk → 0

perturbation ⇠
X

jl

gj fj · Sjl

<latexit sha1_base64="uBKjmZyc1sPhlhIkifMPbSZwyQQ="></latexit>

d

dt

�
Slj · Sl0j0

�
= (gjfj � gj0fj0) · (Slj ⇥ Sl0j0) = 0

<latexit sha1_base64="VOBj8aZTAHgzh7Csf7+KcJcUJIY="></latexit>

fj = fj0

<latexit sha1_base64="CLmt7feTq51cP7FJ9NZjcrLhpsg=">AAAB/3icbZDLSsNAFIZPvNZ6iwpu3AwW0VVJpKAuhKIblxXsBdoQJtNJO+3kwsxEKDELX8WNC0Xc+hrufBunbQRt/WHg4z/ncM78XsyZVJb1ZSwsLi2vrBbWiusbm1vb5s5uQ0aJILROIh6Jlocl5SykdcUUp61YUBx4nDa94fW43rynQrIovFOjmDoB7oXMZwQrbbnmftrxfORn7uDyh9LBceaaJatsTYTmwc6hBLlqrvnZ6UYkCWioCMdStm0rVk6KhWKE06zYSSSNMRniHm1rDHFApZNO7s/QkXa6yI+EfqFCE/f3RIoDKUeBpzsDrPpytjY2/6u1E+WfOykL40TRkEwX+QlHKkLjMFCXCUoUH2nARDB9KyJ9LDBROrKiDsGe/fI8NE7LdqV8cVspVa/yOApwAIdwAjacQRVuoAZ1IPAAT/ACr8aj8Wy8Ge/T1gUjn9mDPzI+vgF385XF</latexit>

for  k → 0
gj = gj0

<latexit sha1_base64="Ts2A8SEjYnjFRcK6wiqbMAIAwTs=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbRU0mkoB6EohePFewHtiFstpt0280m7G6EEvovvHhQxKv/xpv/xm2bg7Y+GHi8N8PMPD/hTGnb/rYKK6tr6xvFzdLW9s7uXnn/oKXiVBLaJDGPZcfHinImaFMzzWknkRRHPqdtf3Q79dtPVCoWiwc9Tqgb4VCwgBGsjfQYesPr0MuGpxOvXLGr9gxomTg5qUCOhlf+6vVjkkZUaMKxUl3HTrSbYakZ4XRS6qWKJpiMcEi7hgocUeVms4sn6MQofRTE0pTQaKb+nshwpNQ48k1nhPVALXpT8T+vm+rg0s2YSFJNBZkvClKOdIym76M+k5RoPjYEE8nMrYgMsMREm5BKJgRn8eVl0jqvOrXq1X2tUr/J4yjCERzDGThwAXW4gwY0gYCAZ3iFN0tZL9a79TFvLVj5zCH8gfX5Azq0kKY=</latexit>

)

<latexit sha1_base64="4wBvpVznjABNZuf+wx1UgGItNas=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQiqLeiF49V7AekoWy2m3bpZjfsTpRS+jO8eFDEq7/Gm//GbZuDtj4YeLw3w8y8KBXcoOd9O4WV1bX1jeJmaWt7Z3evvH/QNCrTlDWoEkq3I2KY4JI1kKNg7VQzkkSCtaLhzdRvPTJtuJIPOEpZmJC+5DGnBK0UdO55f4BEa/XULVe8qjeDu0z8nFQgR71b/ur0FM0SJpEKYkzgeymGY6KRU8EmpU5mWErokPRZYKkkCTPheHbyxD2xSs+NlbYl0Z2pvyfGJDFmlES2MyE4MIveVPzPCzKML8Mxl2mGTNL5ojgTLip3+r/b45pRFCNLCNXc3urSAdGEok2pZEPwF19eJs2zqn9evbo7r9Su8ziKcATHcAo+XEANbqEODaCg4Ble4c1B58V5dz7mrQUnnzmEP3A+fwCU+5F5</latexit>

�E = 0

<latexit sha1_base64="S/8Jm/Bxk6zVbGs1JGcqef5eCyU=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKexKQD0IQRE8RjAPTJYwO+kkQ2Znl5lZISz5Cy8eFPHq33jzb5wke9DEgoaiqpvuriAWXBvX/XZyK6tr6xv5zcLW9s7uXnH/oKGjRDGss0hEqhVQjYJLrBtuBLZihTQMBDaD0c3Ubz6h0jySD2Ycox/SgeR9zqix0mOnh8JQcnvldoslt+zOQJaJl5ESZKh1i1+dXsSSEKVhgmrd9tzY+ClVhjOBk0In0RhTNqIDbFsqaYjaT2cXT8iJVXqkHylb0pCZ+nsipaHW4zCwnSE1Q73oTcX/vHZi+hd+ymWcGJRsvqifCGIiMn2f9LhCZsTYEsoUt7cSNqSKMmNDKtgQvMWXl0njrOxVypf3lVL1OosjD0dwDKfgwTlU4Q5qUAcGEp7hFd4c7bw4787HvDXnZDOH8AfO5w9yVZAi</latexit>

i.e. only gapless mode can be excited

Non-degenerate g factors

External magnetic field

H /

X
Slj · Sl0j0 + µBB ·

X
gjSlj

<latexit sha1_base64="WbgRqZ6duf2/rhKthFksZSwxai8="></latexit>

H /

X
Slj · Sl0j0

<latexit sha1_base64="1K5CA4tJrKs+oFWEOn2lT0tKnxE=">AAACIHicbVDLSgMxFM34rPVVdekmWKSuyowUqruimy4r2gd0ypDJZNq0mUlIMkIZ5lPc+CtuXCiiO/0a0weorQcCh3Pu5eYcXzCqtG1/Wiura+sbm7mt/PbO7t5+4eCwpXgiMWlizrjs+EgRRmPS1FQz0hGSoMhnpO2Prid++55IRXl8p8eC9CLUj2lIMdJG8gpVN0J6gBFL65krJBeaQ1clEUxdP4S3mZeyYebigOsfoTQsZV6haJftKeAyceakCOZoeIUPN+A4iUisMUNKdR1b6F6KpKaYkSzvJooIhEeoT7qGxigiqpdOA2bw1CgBDLk0L9Zwqv7eSFGk1DjyzeQkjlr0JuJ/XjfR4UUvpbFINInx7FCYMGhamLQFAyoJ1mxsCMKSmr9CPEASYW06zZsSnMXIy6R1XnYq5cubSrF2Na8jB47BCTgDDqiCGqiDBmgCDB7AE3gBr9aj9Wy9We+z0RVrvnME/sD6+gbvfqQQ</latexit>

selection rules and ways around them 

idea exploited by QUAX exp. Barbieri, Cerdonio, Fiorentini, Vitale (’89)
Barbieri et al 1606.02201
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for  only gapless modes can be excitedk → 0

perturbation ⇠
X

jl

gj fj · Sjl

<latexit sha1_base64="uBKjmZyc1sPhlhIkifMPbSZwyQQ="></latexit>

d

dt

�
Slj · Sl0j0

�
= (gjfj � gj0fj0) · (Slj ⇥ Sl0j0) = 0

<latexit sha1_base64="VOBj8aZTAHgzh7Csf7+KcJcUJIY="></latexit>

fj = fj0

<latexit sha1_base64="CLmt7feTq51cP7FJ9NZjcrLhpsg=">AAAB/3icbZDLSsNAFIZPvNZ6iwpu3AwW0VVJpKAuhKIblxXsBdoQJtNJO+3kwsxEKDELX8WNC0Xc+hrufBunbQRt/WHg4z/ncM78XsyZVJb1ZSwsLi2vrBbWiusbm1vb5s5uQ0aJILROIh6Jlocl5SykdcUUp61YUBx4nDa94fW43rynQrIovFOjmDoB7oXMZwQrbbnmftrxfORn7uDyh9LBceaaJatsTYTmwc6hBLlqrvnZ6UYkCWioCMdStm0rVk6KhWKE06zYSSSNMRniHm1rDHFApZNO7s/QkXa6yI+EfqFCE/f3RIoDKUeBpzsDrPpytjY2/6u1E+WfOykL40TRkEwX+QlHKkLjMFCXCUoUH2nARDB9KyJ9LDBROrKiDsGe/fI8NE7LdqV8cVspVa/yOApwAIdwAjacQRVuoAZ1IPAAT/ACr8aj8Wy8Ge/T1gUjn9mDPzI+vgF385XF</latexit>

for  k → 0
gj = gj0

<latexit sha1_base64="Ts2A8SEjYnjFRcK6wiqbMAIAwTs=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbRU0mkoB6EohePFewHtiFstpt0280m7G6EEvovvHhQxKv/xpv/xm2bg7Y+GHi8N8PMPD/hTGnb/rYKK6tr6xvFzdLW9s7uXnn/oKXiVBLaJDGPZcfHinImaFMzzWknkRRHPqdtf3Q79dtPVCoWiwc9Tqgb4VCwgBGsjfQYesPr0MuGpxOvXLGr9gxomTg5qUCOhlf+6vVjkkZUaMKxUl3HTrSbYakZ4XRS6qWKJpiMcEi7hgocUeVms4sn6MQofRTE0pTQaKb+nshwpNQ48k1nhPVALXpT8T+vm+rg0s2YSFJNBZkvClKOdIym76M+k5RoPjYEE8nMrYgMsMREm5BKJgRn8eVl0jqvOrXq1X2tUr/J4yjCERzDGThwAXW4gwY0gYCAZ3iFN0tZL9a79TFvLVj5zCH8gfX5Azq0kKY=</latexit>

)

<latexit sha1_base64="4wBvpVznjABNZuf+wx1UgGItNas=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQiqLeiF49V7AekoWy2m3bpZjfsTpRS+jO8eFDEq7/Gm//GbZuDtj4YeLw3w8y8KBXcoOd9O4WV1bX1jeJmaWt7Z3evvH/QNCrTlDWoEkq3I2KY4JI1kKNg7VQzkkSCtaLhzdRvPTJtuJIPOEpZmJC+5DGnBK0UdO55f4BEa/XULVe8qjeDu0z8nFQgR71b/ur0FM0SJpEKYkzgeymGY6KRU8EmpU5mWErokPRZYKkkCTPheHbyxD2xSs+NlbYl0Z2pvyfGJDFmlES2MyE4MIveVPzPCzKML8Mxl2mGTNL5ojgTLip3+r/b45pRFCNLCNXc3urSAdGEok2pZEPwF19eJs2zqn9evbo7r9Su8ziKcATHcAo+XEANbqEODaCg4Ble4c1B58V5dz7mrQUnnzmEP3A+fwCU+5F5</latexit>

�E = 0

<latexit sha1_base64="S/8Jm/Bxk6zVbGs1JGcqef5eCyU=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKexKQD0IQRE8RjAPTJYwO+kkQ2Znl5lZISz5Cy8eFPHq33jzb5wke9DEgoaiqpvuriAWXBvX/XZyK6tr6xv5zcLW9s7uXnH/oKGjRDGss0hEqhVQjYJLrBtuBLZihTQMBDaD0c3Ubz6h0jySD2Ycox/SgeR9zqix0mOnh8JQcnvldoslt+zOQJaJl5ESZKh1i1+dXsSSEKVhgmrd9tzY+ClVhjOBk0In0RhTNqIDbFsqaYjaT2cXT8iJVXqkHylb0pCZ+nsipaHW4zCwnSE1Q73oTcX/vHZi+hd+ymWcGJRsvqifCGIiMn2f9LhCZsTYEsoUt7cSNqSKMmNDKtgQvMWXl0njrOxVypf3lVL1OosjD0dwDKfgwTlU4Q5qUAcGEp7hFd4c7bw4787HvDXnZDOH8AfO5w9yVZAi</latexit>

i.e. only gapless mode can be excited

Non-degenerate g factors

External magnetic field

H /

X
Slj · Sl0j0

<latexit sha1_base64="1K5CA4tJrKs+oFWEOn2lT0tKnxE=">AAACIHicbVDLSgMxFM34rPVVdekmWKSuyowUqruimy4r2gd0ypDJZNq0mUlIMkIZ5lPc+CtuXCiiO/0a0weorQcCh3Pu5eYcXzCqtG1/Wiura+sbm7mt/PbO7t5+4eCwpXgiMWlizrjs+EgRRmPS1FQz0hGSoMhnpO2Prid++55IRXl8p8eC9CLUj2lIMdJG8gpVN0J6gBFL65krJBeaQ1clEUxdP4S3mZeyYebigOsfoTQsZV6haJftKeAyceakCOZoeIUPN+A4iUisMUNKdR1b6F6KpKaYkSzvJooIhEeoT7qGxigiqpdOA2bw1CgBDLk0L9Zwqv7eSFGk1DjyzeQkjlr0JuJ/XjfR4UUvpbFINInx7FCYMGhamLQFAyoJ1mxsCMKSmr9CPEASYW06zZsSnMXIy6R1XnYq5cubSrF2Na8jB47BCTgDDqiCGqiDBmgCDB7AE3gBr9aj9Wy9We+z0RVrvnME/sD6+gbvfqQQ</latexit>

Anisotropic interactions

selection rules and ways around them 

H /

X
Slj · Jll0,jj0 · Sl0j0

<latexit sha1_base64="kVru0EZ7i6LopkjILgLjhybdnZ4="></latexit>
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projected reach
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non-degenerate g factors



Title Text conclusions

phonon polariton and magnon excitations can probe the QCD axion DM in the  mass range(1 ÷ 100) meV

a thoughtful choice of complementary target can offer a broadband coverage

we identified two new ways to couple axion to gapped magnons

we suggest possible read-out schemes, R&D will be crucial to identify realistic experimental set-up 

a better knowledge of magnon and phonon line-shape is needed to get more precise results
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electronic transitions

: ions

: electrons
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figure from Griffin, Inzani, Trickle, Zhang, Zurek, 1910.10716


