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eg, every one of these regions is a different probe (current, or near-
future) of just one possible axion coupling 

µa
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with mass µa << me and are also expected (& constrained) to be very
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As Joe Conlon explained axions are expected to often be very light
with mass µa << me and are also expected (& constrained) to be very
feebly interacting 

(They also have a variety of types of interaction with normal
matter - more on this later)
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Weinberg 1978;  Wilczek 1978
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The large scale fa also suppresses all interactions of axion by 1/fa

factors - correspondingly the axion is feebly interacting
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Axion-like-particles (ALPs) that generalize QCD axion occur
very often in string theory. They share many features of QCD
axion except tight relationship of mass and fa - so µa and fa now 
independent parameters

The large scale fa also suppresses all interactions of axion by 1/fa

factors - correspondingly the axion is feebly interacting
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We now turn to the topic of how to discover "fundamental" (so
not in the condensed matter context) axions

There are a huge range of possibilities involving 

• collider experiments for new particles
• astro/cosmo observations indicating new particle/dark matter
• lab experiments searching for new forces/dark matter
• ...



µa

These�are�two�of�the�most�sensitive�probes�of�axions,�even�reaching�the�QCD-axion�
mass-coupling�region�(and�Oxford�Phys�is�involved�in�both!)

astro�new�particle

axion�dark�matter�
lab�expt's

QCD-axion�
mass-coupling�
region



First�astro....



Remarkably, astrophysical black holes provide a way to 
search for light axions that only depends on their 

absolutely mandated gravitational interaction 
Arvanitaki, Dimopoulos, Dubovsky, Kaloper, March-Russell; arXiv hep-th/0905.4270

First�astro....



Black Hole Superradiance and Axions
or  "BHs as Nature's detectors"

We know that astrophysical BHs exist! 

Schwarzschild radii vary from ~few km to ~1010 km



Black Hole Superradiance and Axions

Importantly astrophysical BHs are rotating (Kerr BHs) 

`spin parameter'

a*=1: BH horizon velocity=c
a*=0: non-rotating

C. Reynolds, Nature Astronomy 3, 41 (2019)
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https://www.nature.com/natastron


Astro BHs contain a huge amount of rotational kinetic energy

This angular momentum & rotational KE can be extracted



Astro BHs contain a huge amount of rotational kinetic energy

This angular momentum & rotational KE can be extracted

• classically by the Penrose process 
and its close relatives



• But also by a remarkable process that can occur for non-
zero mass feebly-interacting bosons (spin 0, 1, 2): quantum 
superradiance



• But also by a remarkable process that can occur for non-
zero mass feebly-interacting bosons (spin 0, 1, 2): quantum 
superradiance

a `cloud' of bosons in non-zero angular momentum 
bound states around BH grows due to a form of 

`lasing' instability of Kerr BHs 



Black Hole Superradiance and Axions

JBH



Black Hole Superradiance and Axions

JBH JBH

JCloud

axion�cloud�containing�large�
angular�momentum�&�energy



Quantumly: massive Bose field in a Kerr BH background 
has bound states with Im(E)=-Γ>0 - exponentially growing 
states!

cf. Black hole 'bomb' of 
Press & Teukolsky

Damour etal; Zouros & Eardly; 
Detweiler; Dolan;...
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spatial�part�of�state�very�
similar�to�L>0�orbitals�in�
Hydrogen�atom!



Can understand this by studying QM solutions in the effective 
potential that a L>0 massive boson sees in Kerr BH background
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Figure credit: Asimina Arvanitaki
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Figure credit: Asimina Arvanitaki
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Can calculate growth rates for all the various'atomic' bound states as function 
of BH spin a* (fastest for high BH spin), and µRg  (axion mass µ times the BH 
gravitational length scale Rg=M GN)
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wins)

increasing�axion�mass�(linear�scale) numerical results of Dolan
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Can calculate growth rates for all the various'atomic' bound states as function 
of BH spin a* (fastest for high BH spin), and µRg  (axion mass µ times the BH 
gravitational length scale Rg=M GN)

Only a fast process for massive field with Compton
wavelength close to BH size 
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Superradiance timescales (here assuming BH spin a*>0.9): 
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Optimal match between 1/µa and Rg when µaRg ~ 0.4 giving
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(as short as 100s vs τaccretion~1015s)

so fast BH spin-down if there exists boson of `right' mass

As astro BHs have radii between km & 1010 km they can
thus act as both `producers' & `detectors' of light bosons 

between ~10-10 eV and ~10-21 eV
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"Gravitational Atom in the Sky" but with occupation number
of relevant energy level(s) ~ 1077 !  (c.f. 2 for spin-up/down

electrons in usual atoms as dictated by Pauli Exclusion)

Moreover�have�ended�up�with�possible

Arvanitaki, Dimopoulos, Dubovsky, Kaloper, March-Russell; arXiv hep-th/0905.4270



"Gravitational Atom in the Sky" but with occupation number
of relevant energy level(s) ~ 1077 !  (c.f. 2 for spin-up/down

electrons in usual atoms as dictated by Pauli Exclusion)

Moreover�have�ended�up�with�possible

Note: self-interactions of the bosons can quench this growth
limiting cloud to small occupancy - so only get this maximal
process for feebly-interacting bosons (axions!,...)

Arvanitaki, Dimopoulos, Dubovsky, Kaloper, March-Russell; arXiv hep-th/0905.4270



Axion superradiance signatures
Arvanitaki, Dimopoulos, Dubovsky, Kaloper, March-Russell; arXiv hep-th/0905.4270



Axion superradiance signatures
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• Axion cloud modifies the metric around the black hole (Advanced LIGO)

• Photon conversion of axions from the cloud in the magnetic field of the black 
hole (possible future radio telescopes)
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Axion superradiance signatures
• Gaps in the BH mass-spin plot                                                           

• Axion cloud modifies the metric around the black hole (Advanced LIGO)

• Photon conversion of axions from the cloud in the magnetic field of the black 
hole (possible future radio telescopes)

• Monochromatic gravity waves from stellar mass black holes (Advanced LIGO)  

from Arvanitaki & Dubovsky: arXiv hep-th/1004.3558

signal enhanced by square of state occupation number; duration can be thousands of years 

Arvanitaki, Dimopoulos, Dubovsky, Kaloper, March-Russell; arXiv hep-th/0905.4270



• Many many other signatures of axions in astro / cosmo environments being 
actively investigated...



But now want to turn from the sky to the basement 

• Many many other signatures of axions in astro / cosmo environments being 
actively investigated...
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How do we search for (feebly-interacting) axions in labs? 
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How do we search for (feebly-interacting) axions in labs? 

Well, first, the leading interactions of axions with ordinary
matter come in three basic forms 
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gaff (ra).S

where all the couplings, g~1/fa

electromagnetic�E,B�fields

fermion�spin�(e,�p,�n)
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gEDM aE.SN
nucleon�spin
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How do we search for (feebly-interacting) axions in labs? 

Well, first, the leading interactions of axions with ordinary
matter come in three basic forms 
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gaff (ra).S

where all the couplings, g~1/fa

electromagnetic�E,B�fields
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gEDM aE.SN
nucleon�spin

Most commonly used coupling is aE.B

fermion�spin�(e,�p,�n)
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There are various ways of thinking about this aE.B term 

If both "a" and "E,B" are well-described as classical fields then new
term modifies two of Maxwell's Eqs - "Axion Electrodynamics" 

Sikivie;Wilczek 1979-87



<latexit sha1_base64="DOSyMt7lb0wIZ6enmt9iX7dLX+M=">AAAB9HicbVBNS8NAEJ34WetX1aOXxSJ4qokoeix68VjBfkATymY7aZfuJnF3Uyilv8OLB0W8+mO8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dJIphnWWiES1QqpR8BjrhhuBrVQhlaHAZji4m/rNISrNk/jRjFIMJO3FPOKMGisFPgrhay6Jdy6HnVLZrbgzkGXi5aQMOWqd0pffTVgmMTZMUK3bnpuaYEyV4UzgpOhnGlPKBrSHbUtjKlEH49nRE3JqlS6JEmUrNmSm/p4YU6n1SIa2U1LT14veVPzPa2cmugnGPE4zgzGbL4oyQUxCpgmQLlfIjBhZQpni9lbC+lRRZmxORRuCt/jyMmlcVLyrivtwWa7e5nEU4BhO4Aw8uIYq3EMN6sDgCZ7hFd6cofPivDsf89YVJ585gj9wPn8ADo+RoQ==</latexit>

` ⇠ 1/mv

There are various ways of thinking about this aE.B term 

If both "a" and "E,B" are well-described as classical fields then new
term modifies two of Maxwell's Eqs - "Axion Electrodynamics" 

ρ�and�j�are�the�usual�
charge�density�and�
electric�current 
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There are various ways of thinking about this aE.B term 

If both "a" and "E,B" are well-described as classical fields then new
term modifies two of Maxwell's Eqs - "Axion Electrodynamics" 

New term effectively gives, in the presence of B, E fields, a
new kind of charge density                 and a new

                   kind of current
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OTOH if one or more of  "a,E,B" is in quantum limit (axion quanta, 
and/or photons) then useful to think in terms of Feynman diags, eg,
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OTOH if one or more of  "a,E,B" is in quantum limit (axion quanta, 
and/or photons) then useful to think in terms of Feynman diags, eg,

Bclassical

incoming�axion�
quanta�of�
energy�ω�

outgoing�photon�
of�energy�ω�

usually�B�as�large�classical�
B-fields�easy�to�produce�
in�laboratory�

axion-photon�conversion�as�Joe�described
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Try to detect these (very tiny) new charges and currents sourced 
by axion field in presence of E,B - say by detecting anomalous 

"heating" of a cold shielded cavity

so
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Try to detect these (very tiny) new charges and currents sourced 
by axion field in presence of E,B - say by detecting anomalous 

"heating" of a cold shielded cavity

so

or�almost�equivalently

Try to detect these (very rare) photons sourced by axion quanta in 
presence of E,B - say by detecting anomalous photon counts in a 

cold shielded cavity
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But one major thing I haven't told you yet - where do the 
initial axions come from?! cf.�in�BH�case�the�BH�itself�

produced�the�axions
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But one major thing I haven't told you yet - where do the 
initial axions come from?!

One important possibility: the Early Universe!
Preskill, Wilczek, Wise 1982;  Abbott, Sikivie 1982
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But one major thing I haven't told you yet - where do the 
initial axions come from?!

One important possibility: the Early Universe!

The QCD axion and also axion-like-particles are now 
our leading candidates for dark matter!

Preskill, Wilczek, Wise 1982;  Abbott, Sikivie 1982
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` ⇠ 1/mv

Quick aside on axion DM (many talks in itself...!)

Axions are excellent DM candidates as they are: 

1) very feebly interacting - so "dark"



<latexit sha1_base64="DOSyMt7lb0wIZ6enmt9iX7dLX+M=">AAAB9HicbVBNS8NAEJ34WetX1aOXxSJ4qokoeix68VjBfkATymY7aZfuJnF3Uyilv8OLB0W8+mO8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dJIphnWWiES1QqpR8BjrhhuBrVQhlaHAZji4m/rNISrNk/jRjFIMJO3FPOKMGisFPgrhay6Jdy6HnVLZrbgzkGXi5aQMOWqd0pffTVgmMTZMUK3bnpuaYEyV4UzgpOhnGlPKBrSHbUtjKlEH49nRE3JqlS6JEmUrNmSm/p4YU6n1SIa2U1LT14veVPzPa2cmugnGPE4zgzGbL4oyQUxCpgmQLlfIjBhZQpni9lbC+lRRZmxORRuCt/jyMmlcVLyrivtwWa7e5nEU4BhO4Aw8uIYq3EMN6sDgCZ7hFd6cofPivDsf89YVJ585gj9wPn8ADo+RoQ==</latexit>

` ⇠ 1/mv

Quick aside on axion DM (many talks in itself...!)

Axions are excellent DM candidates as they are: 

1) very feebly interacting - so "dark"

2) they are very long-lived so still around today



<latexit sha1_base64="DOSyMt7lb0wIZ6enmt9iX7dLX+M=">AAAB9HicbVBNS8NAEJ34WetX1aOXxSJ4qokoeix68VjBfkATymY7aZfuJnF3Uyilv8OLB0W8+mO8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dJIphnWWiES1QqpR8BjrhhuBrVQhlaHAZji4m/rNISrNk/jRjFIMJO3FPOKMGisFPgrhay6Jdy6HnVLZrbgzkGXi5aQMOWqd0pffTVgmMTZMUK3bnpuaYEyV4UzgpOhnGlPKBrSHbUtjKlEH49nRE3JqlS6JEmUrNmSm/p4YU6n1SIa2U1LT14veVPzPa2cmugnGPE4zgzGbL4oyQUxCpgmQLlfIjBhZQpni9lbC+lRRZmxORRuCt/jyMmlcVLyrivtwWa7e5nEU4BhO4Aw8uIYq3EMN6sDgCZ7hFd6cofPivDsf89YVJ585gj9wPn8ADo+RoQ==</latexit>

` ⇠ 1/mv

Quick aside on axion DM (many talks in itself...!)

Axions are excellent DM candidates as they are: 

1) very feebly interacting - so "dark"

2) they are very long-lived so still around today

3) have production mechanisms that leave them "cold" (non-
relativstic) as necessary for successful galaxy formation



<latexit sha1_base64="DOSyMt7lb0wIZ6enmt9iX7dLX+M=">AAAB9HicbVBNS8NAEJ34WetX1aOXxSJ4qokoeix68VjBfkATymY7aZfuJnF3Uyilv8OLB0W8+mO8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dJIphnWWiES1QqpR8BjrhhuBrVQhlaHAZji4m/rNISrNk/jRjFIMJO3FPOKMGisFPgrhay6Jdy6HnVLZrbgzkGXi5aQMOWqd0pffTVgmMTZMUK3bnpuaYEyV4UzgpOhnGlPKBrSHbUtjKlEH49nRE3JqlS6JEmUrNmSm/p4YU6n1SIa2U1LT14veVPzPa2cmugnGPE4zgzGbL4oyQUxCpgmQLlfIjBhZQpni9lbC+lRRZmxORRuCt/jyMmlcVLyrivtwWa7e5nEU4BhO4Aw8uIYq3EMN6sDgCZ7hFd6cofPivDsf89YVJ585gj9wPn8ADo+RoQ==</latexit>

` ⇠ 1/mv

However axion DM better described as field made of superposed waves  

Particle DM Wave (field) DM
decreasing 
DM mass



<latexit sha1_base64="DOSyMt7lb0wIZ6enmt9iX7dLX+M=">AAAB9HicbVBNS8NAEJ34WetX1aOXxSJ4qokoeix68VjBfkATymY7aZfuJnF3Uyilv8OLB0W8+mO8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dJIphnWWiES1QqpR8BjrhhuBrVQhlaHAZji4m/rNISrNk/jRjFIMJO3FPOKMGisFPgrhay6Jdy6HnVLZrbgzkGXi5aQMOWqd0pffTVgmMTZMUK3bnpuaYEyV4UzgpOhnGlPKBrSHbUtjKlEH49nRE3JqlS6JEmUrNmSm/p4YU6n1SIa2U1LT14veVPzPa2cmugnGPE4zgzGbL4oyQUxCpgmQLlfIjBhZQpni9lbC+lRRZmxORRuCt/jyMmlcVLyrivtwWa7e5nEU4BhO4Aw8uIYq3EMN6sDgCZ7hFd6cofPivDsf89YVJ585gj9wPn8ADo+RoQ==</latexit>

` ⇠ 1/mv

However axion DM better described as field made of superposed waves  

happens when ndm = ρdm/µ > 1/(λdB,dm)3  - for our galaxy when µ<1 eV

Particle DM Wave (field) DM
decreasing 
DM mass



<latexit sha1_base64="DOSyMt7lb0wIZ6enmt9iX7dLX+M=">AAAB9HicbVBNS8NAEJ34WetX1aOXxSJ4qokoeix68VjBfkATymY7aZfuJnF3Uyilv8OLB0W8+mO8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dJIphnWWiES1QqpR8BjrhhuBrVQhlaHAZji4m/rNISrNk/jRjFIMJO3FPOKMGisFPgrhay6Jdy6HnVLZrbgzkGXi5aQMOWqd0pffTVgmMTZMUK3bnpuaYEyV4UzgpOhnGlPKBrSHbUtjKlEH49nRE3JqlS6JEmUrNmSm/p4YU6n1SIa2U1LT14veVPzPa2cmugnGPE4zgzGbL4oyQUxCpgmQLlfIjBhZQpni9lbC+lRRZmxORRuCt/jyMmlcVLyrivtwWa7e5nEU4BhO4Aw8uIYq3EMN6sDgCZ7hFd6cofPivDsf89YVJ585gj9wPn8ADo+RoQ==</latexit>

` ⇠ 1/mv

Thus in our galaxy expect axion DM to be a everywhere present classical 
field oscillating at frequency νo=µc2/h

<latexit sha1_base64="dTupxKdri2DVdmQ/PR0w9lgSGG4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUoP1yxa26c5BV4uWkAjnq/fJXbxCzNEJpmKBadz03MX5GleFM4LTUSzUmlI3pELuWShqh9rP5oVNyZpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTcmG4C2/vEpaF1Xvquo1Liu12zyOIpzAKZyDB9dQg3uoQxMYIDzDK7w5j86L8+58LFoLTj5zDH/gfP4AxVWM6w==</latexit>a <latexit sha1_base64="Ag82/qU1kWVt2t8PEXmCAOkx/qM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oUy2m3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqKGvSWMSqE6BmgkvWNNwI1kkUwygQrB2Mb2d++4kpzWP5aCYJ8yMcSh5yisZKD9h3++WKW3XnIKvEy0kFcjT65a/eIKZpxKShArXuem5i/AyV4VSwaamXapYgHeOQdS2VGDHtZ/NTp+TMKgMSxsqWNGSu/p7IMNJ6EgW2M0Iz0sveTPzP66YmvPYzLpPUMEkXi8JUEBOT2d9kwBWjRkwsQaq4vZXQESqkxqZTsiF4yy+vktZF1atVvfvLSv0mj6MIJ3AK5+DBFdThDhrQBApDeIZXeHOE8+K8Ox+L1oKTzxzDHzifP+kLjY4=</latexit>a0

<latexit sha1_base64="3ekED89MgqT2F1dBr1Ao7KhGTPo=">AAACFXicbVDLSsNAFJ3UV62vqEs3g0VwISUpom6EohuXFewDmhAmk0kzdCaJMxOhhPyEG3/FjQtF3Aru/BunbRbaeuDC4Zx7ufceP2VUKsv6NipLyyura9X12sbm1vaOubvXlUkmMOnghCWi7yNJGI1JR1HFSD8VBHGfkZ4/up74vQciJE3iOzVOicvRMKYhxUhpyTNPkGfBS+iEAuHciXwkitzhGcQFdOS9UHkTOiJKvDzgReGZdathTQEXiV2SOijR9swvJ0hwxkmsMENSDmwrVW6OhKKYkaLmZJKkCI/QkAw0jREn0s2nXxXwSCsBDBOhK1Zwqv6eyBGXcsx93cmRiuS8NxH/8waZCi/cnMZppkiMZ4vCjEGVwElEMKCCYMXGmiAsqL4V4gjpgJQOsqZDsOdfXiTdZsM+a9i3p/XWVRlHFRyAQ3AMbHAOWuAGtEEHYPAInsEreDOejBfj3fiYtVaMcmYf/IHx+QMbO57V</latexit>

a0 =
~
µc

p
2⇢dm



<latexit sha1_base64="DOSyMt7lb0wIZ6enmt9iX7dLX+M=">AAAB9HicbVBNS8NAEJ34WetX1aOXxSJ4qokoeix68VjBfkATymY7aZfuJnF3Uyilv8OLB0W8+mO8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dJIphnWWiES1QqpR8BjrhhuBrVQhlaHAZji4m/rNISrNk/jRjFIMJO3FPOKMGisFPgrhay6Jdy6HnVLZrbgzkGXi5aQMOWqd0pffTVgmMTZMUK3bnpuaYEyV4UzgpOhnGlPKBrSHbUtjKlEH49nRE3JqlS6JEmUrNmSm/p4YU6n1SIa2U1LT14veVPzPa2cmugnGPE4zgzGbL4oyQUxCpgmQLlfIjBhZQpni9lbC+lRRZmxORRuCt/jyMmlcVLyrivtwWa7e5nEU4BhO4Aw8uIYq3EMN6sDgCZ7hFd6cofPivDsf89YVJ585gj9wPn8ADo+RoQ==</latexit>

` ⇠ 1/mv

Thus in our galaxy expect axion DM to be a everywhere present classical 
field oscillating at frequency νo=µc2/h (but�finite�coherence�time�&�length�

due�to�galactic�DM�velocity�dispersion)

<latexit sha1_base64="dTupxKdri2DVdmQ/PR0w9lgSGG4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUoP1yxa26c5BV4uWkAjnq/fJXbxCzNEJpmKBadz03MX5GleFM4LTUSzUmlI3pELuWShqh9rP5oVNyZpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTcmG4C2/vEpaF1Xvquo1Liu12zyOIpzAKZyDB9dQg3uoQxMYIDzDK7w5j86L8+58LFoLTj5zDH/gfP4AxVWM6w==</latexit>a <latexit sha1_base64="Ag82/qU1kWVt2t8PEXmCAOkx/qM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oUy2m3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqKGvSWMSqE6BmgkvWNNwI1kkUwygQrB2Mb2d++4kpzWP5aCYJ8yMcSh5yisZKD9h3++WKW3XnIKvEy0kFcjT65a/eIKZpxKShArXuem5i/AyV4VSwaamXapYgHeOQdS2VGDHtZ/NTp+TMKgMSxsqWNGSu/p7IMNJ6EgW2M0Iz0sveTPzP66YmvPYzLpPUMEkXi8JUEBOT2d9kwBWjRkwsQaq4vZXQESqkxqZTsiF4yy+vktZF1atVvfvLSv0mj6MIJ3AK5+DBFdThDhrQBApDeIZXeHOE8+K8Ox+L1oKTzxzDHzifP+kLjY4=</latexit>a0

<latexit sha1_base64="3ekED89MgqT2F1dBr1Ao7KhGTPo=">AAACFXicbVDLSsNAFJ3UV62vqEs3g0VwISUpom6EohuXFewDmhAmk0kzdCaJMxOhhPyEG3/FjQtF3Aru/BunbRbaeuDC4Zx7ufceP2VUKsv6NipLyyura9X12sbm1vaOubvXlUkmMOnghCWi7yNJGI1JR1HFSD8VBHGfkZ4/up74vQciJE3iOzVOicvRMKYhxUhpyTNPkGfBS+iEAuHciXwkitzhGcQFdOS9UHkTOiJKvDzgReGZdathTQEXiV2SOijR9swvJ0hwxkmsMENSDmwrVW6OhKKYkaLmZJKkCI/QkAw0jREn0s2nXxXwSCsBDBOhK1Zwqv6eyBGXcsx93cmRiuS8NxH/8waZCi/cnMZppkiMZ4vCjEGVwElEMKCCYMXGmiAsqL4V4gjpgJQOsqZDsOdfXiTdZsM+a9i3p/XWVRlHFRyAQ3AMbHAOWuAGtEEHYPAInsEreDOejBfj3fiYtVaMcmYf/IHx+QMbO57V</latexit>

a0 =
~
µc

p
2⇢dm

<latexit sha1_base64="3ekED89MgqT2F1dBr1Ao7KhGTPo=">AAACFXicbVDLSsNAFJ3UV62vqEs3g0VwISUpom6EohuXFewDmhAmk0kzdCaJMxOhhPyEG3/FjQtF3Aru/BunbRbaeuDC4Zx7ufceP2VUKsv6NipLyyura9X12sbm1vaOubvXlUkmMOnghCWi7yNJGI1JR1HFSD8VBHGfkZ4/up74vQciJE3iOzVOicvRMKYhxUhpyTNPkGfBS+iEAuHciXwkitzhGcQFdOS9UHkTOiJKvDzgReGZdathTQEXiV2SOijR9swvJ0hwxkmsMENSDmwrVW6OhKKYkaLmZJKkCI/QkAw0jREn0s2nXxXwSCsBDBOhK1Zwqv6eyBGXcsx93cmRiuS8NxH/8waZCi/cnMZppkiMZ4vCjEGVwElEMKCCYMXGmiAsqL4V4gjpgJQOsqZDsOdfXiTdZsM+a9i3p/XWVRlHFRyAQ3AMbHAOWuAGtEEHYPAInsEreDOejBfj3fiYtVaMcmYf/IHx+QMbO57V</latexit>

a0 =
~
µc

p
2⇢dm



<latexit sha1_base64="DOSyMt7lb0wIZ6enmt9iX7dLX+M=">AAAB9HicbVBNS8NAEJ34WetX1aOXxSJ4qokoeix68VjBfkATymY7aZfuJnF3Uyilv8OLB0W8+mO8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dJIphnWWiES1QqpR8BjrhhuBrVQhlaHAZji4m/rNISrNk/jRjFIMJO3FPOKMGisFPgrhay6Jdy6HnVLZrbgzkGXi5aQMOWqd0pffTVgmMTZMUK3bnpuaYEyV4UzgpOhnGlPKBrSHbUtjKlEH49nRE3JqlS6JEmUrNmSm/p4YU6n1SIa2U1LT14veVPzPa2cmugnGPE4zgzGbL4oyQUxCpgmQLlfIjBhZQpni9lbC+lRRZmxORRuCt/jyMmlcVLyrivtwWa7e5nEU4BhO4Aw8uIYq3EMN6sDgCZ7hFd6cofPivDsf89YVJ585gj9wPn8ADo+RoQ==</latexit>

` ⇠ 1/mv

Thus in our galaxy expect axion DM to be a everywhere present classical 
field oscillating at frequency νo=µc2/h

<latexit sha1_base64="dTupxKdri2DVdmQ/PR0w9lgSGG4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUoP1yxa26c5BV4uWkAjnq/fJXbxCzNEJpmKBadz03MX5GleFM4LTUSzUmlI3pELuWShqh9rP5oVNyZpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTcmG4C2/vEpaF1Xvquo1Liu12zyOIpzAKZyDB9dQg3uoQxMYIDzDK7w5j86L8+58LFoLTj5zDH/gfP4AxVWM6w==</latexit>a <latexit sha1_base64="Ag82/qU1kWVt2t8PEXmCAOkx/qM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oUy2m3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqKGvSWMSqE6BmgkvWNNwI1kkUwygQrB2Mb2d++4kpzWP5aCYJ8yMcSh5yisZKD9h3++WKW3XnIKvEy0kFcjT65a/eIKZpxKShArXuem5i/AyV4VSwaamXapYgHeOQdS2VGDHtZ/NTp+TMKgMSxsqWNGSu/p7IMNJ6EgW2M0Iz0sveTPzP66YmvPYzLpPUMEkXi8JUEBOT2d9kwBWjRkwsQaq4vZXQESqkxqZTsiF4yy+vktZF1atVvfvLSv0mj6MIJ3AK5+DBFdThDhrQBApDeIZXeHOE8+K8Ox+L1oKTzxzDHzifP+kLjY4=</latexit>a0

<latexit sha1_base64="3ekED89MgqT2F1dBr1Ao7KhGTPo=">AAACFXicbVDLSsNAFJ3UV62vqEs3g0VwISUpom6EohuXFewDmhAmk0kzdCaJMxOhhPyEG3/FjQtF3Aru/BunbRbaeuDC4Zx7ufceP2VUKsv6NipLyyura9X12sbm1vaOubvXlUkmMOnghCWi7yNJGI1JR1HFSD8VBHGfkZ4/up74vQciJE3iOzVOicvRMKYhxUhpyTNPkGfBS+iEAuHciXwkitzhGcQFdOS9UHkTOiJKvDzgReGZdathTQEXiV2SOijR9swvJ0hwxkmsMENSDmwrVW6OhKKYkaLmZJKkCI/QkAw0jREn0s2nXxXwSCsBDBOhK1Zwqv6eyBGXcsx93cmRiuS8NxH/8waZCi/cnMZppkiMZ4vCjEGVwElEMKCCYMXGmiAsqL4V4gjpgJQOsqZDsOdfXiTdZsM+a9i3p/XWVRlHFRyAQ3AMbHAOWuAGtEEHYPAInsEreDOejBfj3fiYtVaMcmYf/IHx+QMbO57V</latexit>

a0 =
~
µc

p
2⇢dm

<latexit sha1_base64="3ekED89MgqT2F1dBr1Ao7KhGTPo=">AAACFXicbVDLSsNAFJ3UV62vqEs3g0VwISUpom6EohuXFewDmhAmk0kzdCaJMxOhhPyEG3/FjQtF3Aru/BunbRbaeuDC4Zx7ufceP2VUKsv6NipLyyura9X12sbm1vaOubvXlUkmMOnghCWi7yNJGI1JR1HFSD8VBHGfkZ4/up74vQciJE3iOzVOicvRMKYhxUhpyTNPkGfBS+iEAuHciXwkitzhGcQFdOS9UHkTOiJKvDzgReGZdathTQEXiV2SOijR9swvJ0hwxkmsMENSDmwrVW6OhKKYkaLmZJKkCI/QkAw0jREn0s2nXxXwSCsBDBOhK1Zwqv6eyBGXcsx93cmRiuS8NxH/8waZCi/cnMZppkiMZ4vCjEGVwElEMKCCYMXGmiAsqL4V4gjpgJQOsqZDsOdfXiTdZsM+a9i3p/XWVRlHFRyAQ3AMbHAOWuAGtEEHYPAInsEreDOejBfj3fiYtVaMcmYf/IHx+QMbO57V</latexit>

a0 =
~
µc

p
2⇢dm

amplitude�set�by�(roughly�
known)�galactic�DM�density



<latexit sha1_base64="DOSyMt7lb0wIZ6enmt9iX7dLX+M=">AAAB9HicbVBNS8NAEJ34WetX1aOXxSJ4qokoeix68VjBfkATymY7aZfuJnF3Uyilv8OLB0W8+mO8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dJIphnWWiES1QqpR8BjrhhuBrVQhlaHAZji4m/rNISrNk/jRjFIMJO3FPOKMGisFPgrhay6Jdy6HnVLZrbgzkGXi5aQMOWqd0pffTVgmMTZMUK3bnpuaYEyV4UzgpOhnGlPKBrSHbUtjKlEH49nRE3JqlS6JEmUrNmSm/p4YU6n1SIa2U1LT14veVPzPa2cmugnGPE4zgzGbL4oyQUxCpgmQLlfIjBhZQpni9lbC+lRRZmxORRuCt/jyMmlcVLyrivtwWa7e5nEU4BhO4Aw8uIYq3EMN6sDgCZ7hFd6cofPivDsf89YVJ585gj9wPn8ADo+RoQ==</latexit>

` ⇠ 1/mv

Thus in our galaxy expect axion DM to be a everywhere present classical 
field oscillating at frequency νo=µc2/h

(freq.�&�expected�coherence�time/length�as�function�of�mass)
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So, now we know where the axions are coming from (and that they are
non-rel, v/c ~10-3) how exactly do we search for DM axions?
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So, now we know where the axions are coming from (and that they are
non-rel, v/c ~10-3) how exactly do we search for DM axions?

Answer depends on mass of axion - best technology varies!

whole variety of different quantum technologies can be utilized 
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So, now we know where the axions are coming from (and that they are
non-rel, v/c ~10-3) how exactly do we search for DM axions?

Answer depends on mass of axion - best technology varies!

whole variety of different quantum technologies can be utilized 

Oxford�involved�
in�both�these�
leading�
techniques.�
Here�focus�on�
microwave�
cavities�
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Cavity searches for DM axions: (basic idea due to Sikivie 1983) 
, 

Bcl

From P. Graham etal, arXiv:1602.00039

excitation�
of�one�of��
the�cavity�
modes�(freq�
resonant�
with�axion�
mass)�-�
enhanced�
photon�
occupation�
number�
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Cavity searches for DM axions: (basic idea due to Sikivie 1983) 
, 

Bcl

From P. Graham etal, arXiv:1602.00039

look�for�
excess�
B-dept�
power�
(above�
thermal�&�
quantum�
noise)�
with�
particular�
line�shape
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Looking for extremely small excess power ~10-23 W in case of QCD axion

From Semertzidis & Youn, Sci. Adv. 8 

so maximizing B-field strength, cavity parameters, and minimizing thermal and 
quantum noise vital
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Looking for extremely small excess power ~10-23 W in case of QCD axion

From Semertzidis & Youn, Sci. Adv. 8 

so maximizing B-field strength, cavity parameters, and minimizing thermal and 
quantum noise vital

Experiments worldwide now reaching this sensitivity but as resonant search
must scan over the unknown axion mass (= freq) - this is present roadblock
to efficiently cover all the most attractive parameter space
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Looking for extremely small excess power ~10-23 W in case of QCD axion

From Semertzidis & Youn, Sci. Adv. 8 

so maximizing B-field strength, cavity parameters, and minimizing thermal and 
quantum noise vital

Experiments worldwide now reaching this sensitivity but as resonant search
must scan over the unknown axion mass (= freq) - this is present roadblock
to efficiently cover all the most attractive parameter space

Fortunately, UK now involved in major project in this area - "QSHS" - with
significant Oxford involvement (Sarkar, JMR, theory; Leek, Tan, expt.)



(PDG, 2020)

Slide credit: Ed Daw (Sheffield)

World-leading QCD axion/ALP/
hidden photon DM searches possible 

in accessible mass range(s)



(PDG, 2020)

World-leading QCD axion/ALP/
hidden photon DM searches possible 

in accessible mass range(s)

From P. Graham etal, arXiv:1602.00039
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Many major new experiments & 
theory ideas in axion physics 

worldwide

An extremely exciting and
active area - stay tuned!

In�conclusion
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Backup Slides
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also�in�Beecroft�basement�an�atom-interferometer�experiment....�

<latexit sha1_base64="+du4rXPxq4I9onfypDlfGQ9T6lE=">AAAB9XicdZBLSwMxFIUzPmt9VV26CRahq2FGfO4KblxWsA/ojCWT3mlDMw+SO0op/R9uRBRx639x578x0xbxeSBwOOeG3HxBKoVGx3m35uYXFpeWCyvF1bX1jc3S1nZDJ5niUOeJTFQrYBqkiKGOAiW0UgUsCiQ0g8F53jdvQGmRxFc4TMGPWC8WoeAMTXTtSQixQj0len20O6WyY5/lOqKu7Uz025TJTLVO6c3rJjyLIEYumdZt10nRHzGFgksYF71MQ8r4gPWgbWzMItD+aLL1mO6bpEvDRJkTI52kX2+MWKT1MArMZMSwr392efhX184wPPVHIk4zhJhPHwozSTGhOQLaFQo4yqExjCthdqW8zxTjaEAVDYT///5pGge2e2y7l4fl6kN1iqNAdskeqRCXnJAquSA1UiecKHJHHsmTdWvdW8/Wy3R0zpoh3CHfZL1+ADY8ktQ=</latexit>

(
<latexit sha1_base64="+du4rXPxq4I9onfypDlfGQ9T6lE=">AAAB9XicdZBLSwMxFIUzPmt9VV26CRahq2FGfO4KblxWsA/ojCWT3mlDMw+SO0op/R9uRBRx639x578x0xbxeSBwOOeG3HxBKoVGx3m35uYXFpeWCyvF1bX1jc3S1nZDJ5niUOeJTFQrYBqkiKGOAiW0UgUsCiQ0g8F53jdvQGmRxFc4TMGPWC8WoeAMTXTtSQixQj0len20O6WyY5/lOqKu7Uz025TJTLVO6c3rJjyLIEYumdZt10nRHzGFgksYF71MQ8r4gPWgbWzMItD+aLL1mO6bpEvDRJkTI52kX2+MWKT1MArMZMSwr392efhX184wPPVHIk4zhJhPHwozSTGhOQLaFQo4yqExjCthdqW8zxTjaEAVDYT///5pGge2e2y7l4fl6kN1iqNAdskeqRCXnJAquSA1UiecKHJHHsmTdWvdW8/Wy3R0zpoh3CHfZL1+ADY8ktQ=</latexit>

(



<latexit sha1_base64="DOSyMt7lb0wIZ6enmt9iX7dLX+M=">AAAB9HicbVBNS8NAEJ34WetX1aOXxSJ4qokoeix68VjBfkATymY7aZfuJnF3Uyilv8OLB0W8+mO8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dJIphnWWiES1QqpR8BjrhhuBrVQhlaHAZji4m/rNISrNk/jRjFIMJO3FPOKMGisFPgrhay6Jdy6HnVLZrbgzkGXi5aQMOWqd0pffTVgmMTZMUK3bnpuaYEyV4UzgpOhnGlPKBrSHbUtjKlEH49nRE3JqlS6JEmUrNmSm/p4YU6n1SIa2U1LT14veVPzPa2cmugnGPE4zgzGbL4oyQUxCpgmQLlfIjBhZQpni9lbC+lRRZmxORRuCt/jyMmlcVLyrivtwWa7e5nEU4BhO4Aw8uIYq3EMN6sDgCZ7hFd6cofPivDsf89YVJ585gj9wPn8ADo+RoQ==</latexit>

` ⇠ 1/mv
Slide (and much other QTFP) credit: Ian Shipsey

Funding�from�
<latexit sha1_base64="+du4rXPxq4I9onfypDlfGQ9T6lE=">AAAB9XicdZBLSwMxFIUzPmt9VV26CRahq2FGfO4KblxWsA/ojCWT3mlDMw+SO0op/R9uRBRx639x578x0xbxeSBwOOeG3HxBKoVGx3m35uYXFpeWCyvF1bX1jc3S1nZDJ5niUOeJTFQrYBqkiKGOAiW0UgUsCiQ0g8F53jdvQGmRxFc4TMGPWC8WoeAMTXTtSQixQj0len20O6WyY5/lOqKu7Uz025TJTLVO6c3rJjyLIEYumdZt10nRHzGFgksYF71MQ8r4gPWgbWzMItD+aLL1mO6bpEvDRJkTI52kX2+MWKT1MArMZMSwr392efhX184wPPVHIk4zhJhPHwozSTGhOQLaFQo4yqExjCthdqW8zxTjaEAVDYT///5pGge2e2y7l4fl6kN1iqNAdskeqRCXnJAquSA1UiecKHJHHsmTdWvdW8/Wy3R0zpoh3CHfZL1+ADY8ktQ=</latexit>

(
<latexit sha1_base64="+du4rXPxq4I9onfypDlfGQ9T6lE=">AAAB9XicdZBLSwMxFIUzPmt9VV26CRahq2FGfO4KblxWsA/ojCWT3mlDMw+SO0op/R9uRBRx639x578x0xbxeSBwOOeG3HxBKoVGx3m35uYXFpeWCyvF1bX1jc3S1nZDJ5niUOeJTFQrYBqkiKGOAiW0UgUsCiQ0g8F53jdvQGmRxFc4TMGPWC8WoeAMTXTtSQixQj0len20O6WyY5/lOqKu7Uz025TJTLVO6c3rJjyLIEYumdZt10nRHzGFgksYF71MQ8r4gPWgbWzMItD+aLL1mO6bpEvDRJkTI52kX2+MWKT1MArMZMSwr392efhX184wPPVHIk4zhJhPHwozSTGhOQLaFQo4yqExjCthdqW8zxTjaEAVDYT///5pGge2e2y7l4fl6kN1iqNAdskeqRCXnJAquSA1UiecKHJHHsmTdWvdW8/Wy3R0zpoh3CHfZL1+ADY8ktQ=</latexit>

(



<latexit sha1_base64="DOSyMt7lb0wIZ6enmt9iX7dLX+M=">AAAB9HicbVBNS8NAEJ34WetX1aOXxSJ4qokoeix68VjBfkATymY7aZfuJnF3Uyilv8OLB0W8+mO8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dJIphnWWiES1QqpR8BjrhhuBrVQhlaHAZji4m/rNISrNk/jRjFIMJO3FPOKMGisFPgrhay6Jdy6HnVLZrbgzkGXi5aQMOWqd0pffTVgmMTZMUK3bnpuaYEyV4UzgpOhnGlPKBrSHbUtjKlEH49nRE3JqlS6JEmUrNmSm/p4YU6n1SIa2U1LT14veVPzPa2cmugnGPE4zgzGbL4oyQUxCpgmQLlfIjBhZQpni9lbC+lRRZmxORRuCt/jyMmlcVLyrivtwWa7e5nEU4BhO4Aw8uIYq3EMN6sDgCZ7hFd6cofPivDsf89YVJ585gj9wPn8ADo+RoQ==</latexit>

` ⇠ 1/mv

Can also use the coupling of axion to fermion spin to search

<latexit sha1_base64="uoSHtjHf9+sk37gjwC92GAKxMOE=">AAACDnicbVDLSgMxFM3UV62vUZdugqXgQsqMiLosFcFlBfuATil30kwbmswMSUYow3yBG3/FjQtF3Lp259+YtrPQ1gPJPZxzL8k9fsyZ0o7zbRVWVtfWN4qbpa3tnd09e/+gpaJEEtokEY9kxwdFOQtpUzPNaSeWFITPadsfX0/99gOVikXhvZ7EtCdgGLKAEdBG6tuVYT8FbwhC5HfmnWLAqecH+Carzmo969tlp+rMgJeJm5MyytHo21/eICKJoKEmHJTquk6seylIzQinWclLFI2BjGFIu4aGIKjqpbN1MlwxygAHkTQn1Him/p5IQSg1Eb7pFKBHatGbiv953UQHV72UhXGiaUjmDwUJxzrC02zwgElKNJ8YAkQy81dMRiCBaJNgyYTgLq68TFpnVfei6t6dl2v1PI4iOkLH6AS56BLV0C1qoCYi6BE9o1f0Zj1ZL9a79TFvLVj5zCH6A+vzB90jm1Y=</latexit>

ga�� aE.B
<latexit sha1_base64="qiAd9ZHMlym5tNVrRiLkuakmqlA=">AAACCnicbVDLSsNAFJ3UV62vqks3o0WoICURUZdFNy4r2gc0odxMJ+3QySTMTIQSsnbjr7hxoYhbv8Cdf+O0zUKrBy6cOede5t7jx5wpbdtfVmFhcWl5pbhaWlvf2Nwqb++0VJRIQpsk4pHs+KAoZ4I2NdOcdmJJIfQ5bfujq4nfvqdSsUjc6XFMvRAGggWMgDZSr7w/6KUQBJl7jKup6wfYFeBzyOCoNn3eZr1yxa7ZU+C/xMlJBeVo9Mqfbj8iSUiFJhyU6jp2rL0UpGaE06zkJorGQEYwoF1DBYRUeen0lAwfGqWPg0iaEhpP1Z8TKYRKjUPfdIagh2rem4j/ed1EBxdeykScaCrI7KMg4VhHeJIL7jNJieZjQ4BIZnbFZAgSiDbplUwIzvzJf0nrpOac1Zyb00r9Mo+jiPbQAaoiB52jOrpGDdREBD2gJ/SCXq1H69l6s95nrQUrn9lFv2B9fAOce5mT</latexit>

gaff (ra).S
fermion�spin�(often�electron)

<latexit sha1_base64="iPmsfp/mO4FkPDEpHeKb9PBLytA=">AAACC3icbVDLSsNAFJ34rPUVdelmbBFcSEhE1GVRC26UivYBTQiT6aQdOnkwMxFKyN6Nv+LGhSJu/QF3/o3TNAttPXC5h3PuZeYeL2ZUSNP81ubmFxaXlksr5dW19Y1NfWu7JaKEY9LEEYt4x0OCMBqSpqSSkU7MCQo8Rtre8GLstx8IFzQK7+UoJk6A+iH1KUZSSa5e6btp/fI6sw8hgqnt+bCeGXm/y9zU3oM3matXTcPMAWeJVZAqKNBw9S+7F+EkIKHEDAnRtcxYOinikmJGsrKdCBIjPER90lU0RAERTprfksF9pfSgH3FVoYS5+nsjRYEQo8BTkwGSAzHtjcX/vG4i/TMnpWGcSBLiyUN+wqCM4DgY2KOcYMlGiiDMqforxAPEEZYqvrIKwZo+eZa0jgzrxLBuj6u18yKOEtgFFXAALHAKauAKNEATYPAInsEreNOetBftXfuYjM5pxc4O+APt8wc2FplC</latexit>

gEDM aE.SN
nucleon�spin

For these couplings use NMR techniques to measure the precession
of the spins in effective oscillating "magnetic" field of axion dark
matter

"CASPEr-Wind"  &  "CASPEr-Electric" experiments



<latexit sha1_base64="DOSyMt7lb0wIZ6enmt9iX7dLX+M=">AAAB9HicbVBNS8NAEJ34WetX1aOXxSJ4qokoeix68VjBfkATymY7aZfuJnF3Uyilv8OLB0W8+mO8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dJIphnWWiES1QqpR8BjrhhuBrVQhlaHAZji4m/rNISrNk/jRjFIMJO3FPOKMGisFPgrhay6Jdy6HnVLZrbgzkGXi5aQMOWqd0pffTVgmMTZMUK3bnpuaYEyV4UzgpOhnGlPKBrSHbUtjKlEH49nRE3JqlS6JEmUrNmSm/p4YU6n1SIa2U1LT14veVPzPa2cmugnGPE4zgzGbL4oyQUxCpgmQLlfIjBhZQpni9lbC+lRRZmxORRuCt/jyMmlcVLyrivtwWa7e5nEU4BhO4Aw8uIYq3EMN6sDgCZ7hFd6cofPivDsf89YVJ585gj9wPn8ADo+RoQ==</latexit>

` ⇠ 1/mv

Slide credit Peter Graham

already�have�data�&�initial�limits



<latexit sha1_base64="DOSyMt7lb0wIZ6enmt9iX7dLX+M=">AAAB9HicbVBNS8NAEJ34WetX1aOXxSJ4qokoeix68VjBfkATymY7aZfuJnF3Uyilv8OLB0W8+mO8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dJIphnWWiES1QqpR8BjrhhuBrVQhlaHAZji4m/rNISrNk/jRjFIMJO3FPOKMGisFPgrhay6Jdy6HnVLZrbgzkGXi5aQMOWqd0pffTVgmMTZMUK3bnpuaYEyV4UzgpOhnGlPKBrSHbUtjKlEH49nRE3JqlS6JEmUrNmSm/p4YU6n1SIa2U1LT14veVPzPa2cmugnGPE4zgzGbL4oyQUxCpgmQLlfIjBhZQpni9lbC+lRRZmxORRuCt/jyMmlcVLyrivtwWa7e5nEU4BhO4Aw8uIYq3EMN6sDgCZ7hFd6cofPivDsf89YVJ585gj9wPn8ADo+RoQ==</latexit>

` ⇠ 1/mv

Slide credit Peter Graham



<latexit sha1_base64="DOSyMt7lb0wIZ6enmt9iX7dLX+M=">AAAB9HicbVBNS8NAEJ34WetX1aOXxSJ4qokoeix68VjBfkATymY7aZfuJnF3Uyilv8OLB0W8+mO8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dJIphnWWiES1QqpR8BjrhhuBrVQhlaHAZji4m/rNISrNk/jRjFIMJO3FPOKMGisFPgrhay6Jdy6HnVLZrbgzkGXi5aQMOWqd0pffTVgmMTZMUK3bnpuaYEyV4UzgpOhnGlPKBrSHbUtjKlEH49nRE3JqlS6JEmUrNmSm/p4YU6n1SIa2U1LT14veVPzPa2cmugnGPE4zgzGbL4oyQUxCpgmQLlfIjBhZQpni9lbC+lRRZmxORRuCt/jyMmlcVLyrivtwWa7e5nEU4BhO4Aw8uIYq3EMN6sDgCZ7hFd6cofPivDsf89YVJ585gj9wPn8ADo+RoQ==</latexit>

` ⇠ 1/mv

Slide credit Peter Graham



<latexit sha1_base64="DOSyMt7lb0wIZ6enmt9iX7dLX+M=">AAAB9HicbVBNS8NAEJ34WetX1aOXxSJ4qokoeix68VjBfkATymY7aZfuJnF3Uyilv8OLB0W8+mO8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dJIphnWWiES1QqpR8BjrhhuBrVQhlaHAZji4m/rNISrNk/jRjFIMJO3FPOKMGisFPgrhay6Jdy6HnVLZrbgzkGXi5aQMOWqd0pffTVgmMTZMUK3bnpuaYEyV4UzgpOhnGlPKBrSHbUtjKlEH49nRE3JqlS6JEmUrNmSm/p4YU6n1SIa2U1LT14veVPzPa2cmugnGPE4zgzGbL4oyQUxCpgmQLlfIjBhZQpni9lbC+lRRZmxORRuCt/jyMmlcVLyrivtwWa7e5nEU4BhO4Aw8uIYq3EMN6sDgCZ7hFd6cofPivDsf89YVJ585gj9wPn8ADo+RoQ==</latexit>

` ⇠ 1/mv


