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µ�5e , L =

Z
d3x gae (@µa) hē�µ�5ei
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Be↵ = �gae
µB

ra , Ae↵ = �gae
e

@ta ŝe (4)
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@ta ŝe , F = �gae ä ŝe ⇠ gae m
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a a ŝe , ⌧ = gae �e ⇥ra ⇠ gae ma a �e ⇥ va

(4)

Ee↵ ⇠ (gae/e)ma
p
⇢DM ŝe
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= gae (ra) · ŝe + gae (@ta) ŝe ·ve

(2)

LEM = �µB B · ŝe�eA ·ve
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2
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a ŝe , ⌧ = gae �e ⇥ra ⇠ gae ma a �e ⇥ va

Ee↵ =
gae
e
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Axioelectric

Axioelectric Multilayer

a

spin

JP

B

magnetic insulator

1

a ma [eV] � L =
@µa

fa

�
Jµ
EM + Jµ

QCD + Jµ
e-spin + · · ·

�

(1)

L = gae (@µa) ē�
µ�5e , L =

Z
d3x gae (@µa) hē�µ�5ei

' gae (@µa) (ve · ŝe , ŝe)µ

= gae (ra) · ŝe + gae (@ta) ŝe ·ve

(2)

LEM = �µB B · ŝe�eA ·ve

(3)

Be↵ = �gae
µB

ra , Ae↵ = �gae
e

@ta ŝe , F = �gae ä ŝe ⇠ gae m
2
a a ŝe , ⌧ = gae �e ⇥ra ⇠ gae ma a �e ⇥ va

(4)

Ee↵ ⇠ (gae/e)ma
p
⇢DM ŝe , Pa = (✏� � 1)Ee↵ , P =

✏� � 1

✏
Ee↵

(5)

J =
✏� � 1

✏
@tEe↵ , ✏� ⇠ ✏ , Esig ⇠ ✏� � 1

✏

gae
e

ma
p
⇢DM , =) , d ⇠ ⇡/(nma) , gae $ ga�� (eB/m2

a)

(6)

Be↵ ⇠ gae
µB

p
⇢DM va , M? = (1� µ�1)Be↵ ,

⇡

nma

(7)

1

a ma [eV] � L =
@µa

fa

�
Jµ
EM + Jµ

QCD + Jµ
e-spin + · · ·

�

(1)

L = gae (@µa) ē�
µ�5e , L =

Z
d3x gae (@µa) hē�µ�5ei

' gae (@µa) (ve · ŝe , ŝe)µ

= gae (ra) · ŝe + gae (@ta) ŝe ·ve

(2)

LEM = �µB B · ŝe�eA ·ve

(3)

Be↵ = �gae
µB

ra , Ae↵ = �gae
e

@ta ŝe , F = �gae ä ŝe ⇠ gae m
2
a a ŝe , ⌧ = gae �e ⇥ra ⇠ gae ma a �e ⇥ va

(4)

Ee↵ ⇠ (gae/e)ma
p
⇢DM ŝe , Pa = (✏� � 1)Ee↵ , P =

✏� � 1

✏
Ee↵

(5)

J =
✏� � 1

✏
@tEe↵ , ✏� ⇠ ✏ , Esig ⇠ ✏� � 1

✏

gae
e

ma
p
⇢DM , =)

(6)
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Axioelectric

analogous to dielectric stacks MADMAX, MuDHI, and LAMPOST

Axioelectric Multilayer
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(QCD axion sensitivity  
at optical frequencies)
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@µa
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EM + Jµ

QCD + Jµ
e-spin + · · ·

�

(1)

L = gae (@µa) ē�
µ�5e , L =

Z
d3x gae (@µa) hē�µ�5ei

' gae (@µa) (ve · ŝe , ŝe)µ

= gae (ra) · ŝe + gae (@ta) ŝe ·ve
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LEM = �µB B · ŝe�eA ·ve
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µB

ra , Ae↵ = �gae
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@ta ŝe , F = �gae ä ŝe ⇠ gae m
2
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Ee↵ ⇠ (gae/e)ma
p
⇢DM ŝe , Pa = (✏� � 1)Ee↵ , P =
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✏
Ee↵

(5)

J =
✏� � 1

✏
@tEe↵ , ✏� ⇠ ✏ , Esig ⇠ ⇥Nlayer

✏� � 1

✏

gae
e

ma
p
⇢DM , =) , d ⇠ ⇡/(nma) , gae $ ga�� (eB/m2

a)

(6)

Be↵ ⇠ gae
µB

p
⇢DM va , M? = (1� µ�1)Be↵ ,

⇡

ma

(7)

etc. … Nlayer

(half-wavelength)



Outline

e-

1

a ma [eV] � L =
@µa

fa

�
Jµ

EM + Jµ

QCD + Jµ

e-spin + · · ·
�

(1)

L = gae (@µa) ē�
µ�5e , L =

Z
d3x gae (@µa) hē�µ�5ei

' gae (@µa) (ve · ŝe , ŝe)µ

= gae (ra) · ŝe + gae (@ta) ŝe ·ve

(2)

LEM = �µB B · ŝe�eA ·ve

(3)

Be↵ = �gae
µB

ra , Ae↵ = �gae
e

@ta ŝe , F = �gae ä ŝe ⇠ gae m
2
a
a ŝe , ⌧ = gae �e ⇥ra ⇠ gae ma a �e ⇥ va

Ee↵ =
gae
e

ä ŝe

Ee↵ ⇠ (gae/e)ma

p
⇢DM ŝe , Pa = (✏� � 1)Ee↵ , P =

✏� � 1

✏
Ee↵

J =
✏� � 1

✏
@tEe↵ , ✏� ⇠ ✏ , Esig ⇠ ⇥Nlayer

✏� � 1

✏

gae
e

ma

p
⇢DM , =) , d ⇠ ⇡/(nma) , gae $ ga�� (eB/m2

a
)

(4)

Be↵ ⇠ gae
µB

p
⇢DM va , M? = (1� µ�1)Be↵ , d ⇠ ⇡

Re(n)ma

, Esig ⇠ µ� 1

µ� in cot (nma d/2)

gae
e

me va
p
⇢DM

(5)

n =
p
µ ✏ , µ =

ma � !B + i!B/2Q

ma � !H + i!H/2Q
,

8
><

>:

!M ⇠ µB M0

!B ⇠ µB B0

!H ⇠ µB (B0 �M0)

(6)
(
µ = µ(ma, B0)

n = n(ma, B0)

µ ⇠
n
iQ , ma ⇠ µB(B0 �M0) , B0 ⇠ ma

µB

� “small o↵set” , `screen ⇠ 1

ma Im(n)
, ma & 10�6 eV , ma . 10�3 eV

Im(µ) , Im(n) , Qspin ⇠ 102 , F =

����
µ� 1

µ+ in cot (nmad/2)

���� , !B = |�|B0 [µeV] , µ =
ma � !B + i!B/2Q

ma � !H + i!H/2Q
(7)

µ(!H) ⇠ 2iQ (!M/!H) , Fthin(!H) ' Qe↵ !M d , Q�1
e↵ ⌘ Q�1 +Q�1

rad , Qrad =
1

!M d
, (ma = 100 µeV) , F  1

(8)

µ(!B) ⇠ (i/2Q) (!B/!M ) , Fthick(!B) '
p

2Q!M/(!B ✏)

| cot (n!Bd/2) |
(9)

maxN ⇠ Re(n)/Im(n) , !B = ma ��!B (�!B � !B/Q) , �ma ⇠ min(ma , �!B)/N ⇠ �!B/N
(10)

N
�ma

ma

, N
�Re(n)

Re(n)
. 1 =) �ma ⇠ min(ma , �!B)

N
⇠ �!B

N
(11)

�!B " =) Re(µ) " + Im(µ) # =) � # + Lskin " =) Nlayer " (compensated by smaller F)

e-

1

a ma [eV] � L =
@µa

fa

�
Jµ
EM + Jµ

QCD + Jµ
e-spin + · · ·

�
(1)

L = gae (@µa) ē�
µ�5e , L =

Z
d3x gae (@µa) hē�µ�5ei

' gae (@µa) (ve · ŝe , ŝe)µ

= gae (ra) · ŝe + gae (@ta) ŝe ·ve (2)

LEM = �µB B · ŝe�eA ·ve (3)

Be↵ = �gae
µB

ra , Ae↵ = �gae
e

@ta ŝe (4)

III. Axion Wind Multilayer
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Axion Wind

Axion Wind Effective Magnetic Field

1

a ma [eV] � L =
@µa

fa

�
Jµ
EM + Jµ

QCD + Jµ
e-spin + · · ·

�

(1)

L = gae (@µa) ē�
µ�5e , L =

Z
d3x gae (@µa) hē�µ�5ei

' gae (@µa) (ve · ŝe , ŝe)µ

= gae (ra) · ŝe + gae (@ta) ŝe ·ve

(2)

LEM = �µB B · ŝe�eA ·ve

(3)

Be↵ = �gae
µB

ra , Ae↵ = �gae
e

@ta ŝe , F = �gae ä ŝe ⇠ gae m
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a a ŝe , ⌧ = gae �e ⇥ra ⇠ gae ma a �e ⇥ va

(4)

Ee↵ ⇠ (gae/e)ma
p
⇢DM ŝe , Pa = (✏� � 1)Ee↵ , P =

✏� � 1

✏
Ee↵

(5)

J =
✏� � 1

✏
@tEe↵ , ✏� ⇠ ✏ , Esig ⇠ ✏� � 1

✏

gae
e

ma
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(6)

Be↵ ⇠ gae
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(7)

e-B0
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Axion Wind

Axion Wind Effective Magnetic Field

physical current “JM” from the oscillating magnetization ⟹ electromagnetic signal

e-e-B0 transverse magnetization
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(2)

LEM = �µB B · ŝe�eA ·ve
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@ta ŝe , F = �gae ä ŝe ⇠ gae m
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a a ŝe , ⌧ = gae �e ⇥ra ⇠ gae ma a �e ⇥ va

(4)

Ee↵ ⇠ (gae/e)ma
p
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Axion Wind

Axion Wind Multilayer
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⇢DM ŝe , Pa = (✏� � 1)Ee↵ , P =

✏� � 1

✏
Ee↵

(5)

J =
✏� � 1

✏
@tEe↵ , ✏� ⇠ ✏ , Esig ⇠ ⇥Nlayer

✏� � 1

✏

gae
e

ma

p
⇢DM , =) , d ⇠ ⇡/(nma) , gae $ ga�� (eB/m2

a
)

(6)

Be↵ ⇠ gae
µB

p
⇢DM va , M? = (1� µ�1)Be↵ , d ⇠ ⇡

Re(n)ma

, Esig ⇠ µ� 1

µ� in cot (nma d/2)

gae
e

me va
p
⇢DM

(7)

n =
p
µ ✏ , µ =

ma � !B + i!B/2Q

ma � !H + i!H/2Q
,

8
><

>:

!M ⇠ µB M0

!B ⇠ µB B0

!H ⇠ µB (B0 �M0)

(8)
(
µ = µ(ma, B0)

n = n(ma, B0)

µ ⇠
n
iQ , ma ⇠ µB(B0 �M0) , B0 ⇠ ma

µB

� “small o↵set” , `screen ⇠ 1

ma Im(n)
, ma & 10�6 eV , ma . 10�3 eV

(9)

B0



23

Axion Wind

Axion Wind Multilayer

a
JM

B0

magnetic insulator

wind
JM

spin

1

a ma [eV] � L =
@µa

fa

�
Jµ
EM + Jµ

QCD + Jµ
e-spin + · · ·

�

(1)

L = gae (@µa) ē�
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⇢DM ŝe , Pa = (✏� � 1)Ee↵ , P =

✏� � 1

✏
Ee↵

(5)

J =
✏� � 1

✏
@tEe↵ , ✏� ⇠ ✏ , Esig ⇠ ✏� � 1

✏

gae
e

ma
p
⇢DM , =)

(6)

1

a ma [eV] � L =
@µa

fa

�
Jµ
EM + Jµ

QCD + Jµ
e-spin + · · ·

�

(1)

L = gae (@µa) ē�
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a ŝe , ⌧ = gae �e ⇥ra ⇠ gae ma a �e ⇥ va

(4)

Ee↵ ⇠ (gae/e)ma

p
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(2)

LEM = �µB B · ŝe�eA ·ve
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2
a
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(2)

LEM = �µB B · ŝe�eA ·ve
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Magnetic Insulators

YIG Ferrite

Recent efforts have focused on  
small samples of high-purity YIG
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' gae (@µa) (ve · ŝe , ŝe)µ
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@ta ŝe , F = �gae ä ŝe ⇠ gae m
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2
a
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µ�5e , L =

Z
d3x gae (@µa) hē�µ�5ei
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Axion Wind Multilayer
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Summary
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Magnetic Stacks

arXiv:2312.11601

Everything at leading order stems from these effects, expressed in different frames.



Summary

Other Nuggets

• Inclusive absorption rate ~ Im[-1/μ]  (“magnetic energy loss function”) 

• Bulk mechanical forces on spin-polarized sensors 

• No leptonic EDMs proportional to the field value 

• No axioelectronic energy shifts to leading order 
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(3)

axioelectric axion wind

Everything at leading order stems from these effects, expressed in different frames.

optical magnetic stack 
(~ LAMPOST/MuDHI)

RF magnetic stack 
(~ MADMAX)

arXiv:2312.11601

Magnetic Stacks
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2
a
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⇢DM ŝe , Pa = (✏� � 1)Ee↵ , P =

✏� � 1

✏
Ee↵

(5)

J =
✏� � 1

✏
@tEe↵ , ✏� ⇠ ✏ , Esig ⇠ ⇥Nlayer

✏� � 1

✏

gae
e

ma

p
⇢DM , =) , d ⇠ ⇡/(nma) , gae $ ga�� (eB/m2

a
)

(6)

Be↵ ⇠ gae
µB

p
⇢DM va , M? = (1� µ�1)Be↵ , d ⇠ ⇡

Re(n)ma

, Esig ⇠ µ� 1

µ� in cot (nma d/2)

gae
e

me va
p
⇢DM

(7)

n =
p
µ ✏ , µ =

ma � !B + i!B/2Q

ma � !H + i!H/2Q
,

8
><

>:

!M ⇠ µB M0

!B ⇠ µB B0

!H ⇠ µB (B0 �M0)

(8)
(
µ = µ(ma, B0)

n = n(ma, B0)

µ ⇠
n
iQ , ma ⇠ µB(B0 �M0) , B0 ⇠ ma

µB

� “small o↵set” , `screen ⇠ 1

ma Im(n)
, ma & 10�6 eV , ma . 10�3 eV

Im(µ) , Im(n) , Qspin ⇠ 102 , F =

����
µ� 1

µ+ in cot (nmad/2)

���� , !B = |�|B0 [µeV] , µ =
ma � !B + i!B/2Q

ma � !H + i!H/2Q
(9)

µ(!H) ⇠ iQ , Fthin '
����

!M ma d/2

ma � !H + i!H/2Qe↵

���� , Q�1
e↵ ⌘ Q�1 +Q�1

rad , Qrad =
1

!M d
, (ma = 100 µeV)

(λ ~ Lskin large ⟹ coherent emission across slab ⟹ form factor > 1)
ωB < ma ⟹ μ small but real ⟹ slab ~ cavity with form factor peaking when n ma d ~ π 

single layer optimization

• Thin slab:

1

a ma [eV] � L =
@µa

fa

�
Jµ

EM + Jµ

QCD + Jµ

e-spin + · · ·
�

(1)

L = gae (@µa) ē�
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multi-layer optimization
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@ta ŝe , F = �gae ä ŝe ⇠ gae m
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