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The echo idea

Stimulate the decay of nearby dark 
matter axions into photons by sending 

out a powerful beam to space 
Detect the photons that come back
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The echo idea
Isothermal sphereCaustic ring model
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Outline

• Axion stimulated decay 

• Properties of the echo wave

• Power at ground level

• Sensitivity

• Preparation for first echo experiment, by Quan Guo (Shanghai 

Astronomical Observatory, CAS)
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Axion-photon interaction
<latexit sha1_base64="tgv3xFHSrisPNoENdLsv6/yOzpo="></latexit>

La�� =
1

4
gaFµ⌫ F̃

µ⌫
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Decay rate

In background of photons with 
momentum        the decay rate is 
enhanced by a factor


<latexit sha1_base64="OG2BeK2hqFltKxJI1eqs7EgB2tM="></latexit>

�a!�� = 10�43 yr�1

✓
g

10�15 GeV�1

◆2 ⇣ m

10�5 eV

⌘3

<latexit sha1_base64="nR1go/REoTbNbZY3LEkE0wLH0t0=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBi94q2A9oQ9lsJ+2SzSbsbgol9Ed48aCIV3+PN/+N2zYHrT4YeLw3w8y8IBVcG9f9ckpr6xubW+Xtys7u3v5B9fCorZNMMWyxRCSqG1CNgktsGW4EdlOFNA4EdoLodu53Jqg0T+Sjmabox3QkecgZNVbq9CfI8mg2qNbcursA+Uu8gtSgQHNQ/ewPE5bFKA0TVOue56bGz6kynAmcVfqZxpSyiI6wZ6mkMWo/X5w7I2dWGZIwUbakIQv150ROY62ncWA7Y2rGetWbi/95vcyEN37OZZoZlGy5KMwEMQmZ/06GXCEzYmoJZYrbWwkbU0WZsQlVbAje6st/Sfui7l3VvYfLWuO+iKMMJ3AK5+DBNTTgDprQAgYRPMELvDqp8+y8Oe/L1pJTzBzDLzgf36I1j8o=</latexit>

~k

<latexit sha1_base64="fEbPIqWy3eaJ/E4IFqJMMVu+Aw4=">AAAB/HicbVDLSsNAFJ3UV62vaJduBotQQUoioi4LblxJBfuAJoTJdNIOnZmEmUkhhPorblwo4tYPceffOG2z0NYDFw7n3Mu994QJo0o7zrdVWlvf2Nwqb1d2dvf2D+zDo46KU4lJG8cslr0QKcKoIG1NNSO9RBLEQ0a64fh25ncnRCoai0edJcTnaChoRDHSRgrsahR4Q8Q5qnsTgvPx1Ds/C+ya03DmgKvELUgNFGgF9pc3iHHKidCYIaX6rpNoP0dSU8zItOKliiQIj9GQ9A0ViBPl5/Pjp/DUKAMYxdKU0HCu/p7IEVcq46Hp5EiP1LI3E//z+qmObvyciiTVRODFoihlUMdwlgQcUEmwZpkhCEtqboV4hCTC2uRVMSG4yy+vks5Fw71quA+XteZ9EUcZHIMTUAcuuAZNcAdaoA0wyMAzeAVv1pP1Yr1bH4vWklXMVMEfWJ8/HHOUdQ==</latexit>

f�(~k )
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Decay rate in vacuum



Stimulated decay as Bose-enhancement
<latexit sha1_base64="k1fYXywnpPizTykt3M/YFmgPXbo="></latexit>

Ha�� ⇠
X

a
†
�(~k )a

†
�(�~k )aa + h.c.

•A photon of momentum            is created


•Decay rate is enhanced compared to vacuum by a factor

<latexit sha1_base64="5Y+0or9W/dlBp7U9Ag3uK73NNN8=">AAAB/HicbVDLSsNAFJ3UV62vaJduBotQQUoioi4Lbly4qGAf0IQwmU7aoTOTMDMphFB/xY0LRdz6Ie78G6dtFtp64MLhnHu5954wYVRpx/m2SmvrG5tb5e3Kzu7e/oF9eNRRcSoxaeOYxbIXIkUYFaStqWakl0iCeMhINxzfzvzuhEhFY/Gos4T4HA0FjShG2kiBXY0Cb4g4R3VvQnA+nnrnZ4FdcxrOHHCVuAWpgQKtwP7yBjFOOREaM6RU33US7edIaooZmVa8VJEE4TEakr6hAnGi/Hx+/BSeGmUAo1iaEhrO1d8TOeJKZTw0nRzpkVr2ZuJ/Xj/V0Y2fU5Gkmgi8WBSlDOoYzpKAAyoJ1iwzBGFJza0Qj5BEWJu8KiYEd/nlVdK5aLhXDffhsta8L+Iog2NwAurABdegCe5AC7QBBhl4Bq/gzXqyXqx362PRWrKKmSr4A+vzBxvZlHM=</latexit>

f�(~k )
<latexit sha1_base64="vqxWdnUK13mQknPqh6hvWW+erbw=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5EomXAxsIiovmA5Ah7m7lkyd7esbsnhCM/wcZCEVt/kZ3/xk1yhSY+GHi8N8PMvCARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8c3Mbz+h0jyWj2aSoB/RoeQhZ9RY6SHs03654lbdOcgq8XJSgRyNfvmrN4hZGqE0TFCtu56bGD+jynAmcFrqpRoTysZ0iF1LJY1Q+9n81Ck5s8qAhLGyJQ2Zq78nMhppPYkC2xlRM9LL3kz8z+umJrz2My6T1KBki0VhKoiJyexvMuAKmRETSyhT3N5K2IgqyoxNp2RD8JZfXiWti6pXq3r3l5X6XR5HEU7gFM7Bgyuowy00oAkMhvAMr/DmCOfFeXc+Fq0FJ585hj9wPn8APf6Nzg==</latexit>

fa
<latexit sha1_base64="/zWsRUVnma/xcnNP/o+1HdDGyPQ=">AAAB7nicbVA9SwNBEJ2LXzF+RS1tFoNgY7iToJYBGwuLCOYDkiPsbeaSJXt7x+6eEI78CBsLRWz9PXb+GzfJFZr4YODx3gwz84JEcG1c99sprK1vbG4Vt0s7u3v7B+XDo5aOU8WwyWIRq05ANQousWm4EdhJFNIoENgOxrczv/2ESvNYPppJgn5Eh5KHnFFjpXbYp+SCeP1yxa26c5BV4uWkAjka/fJXbxCzNEJpmKBadz03MX5GleFM4LTUSzUmlI3pELuWShqh9rP5uVNyZpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nvZMAVMiMmllCmuL2VsBFVlBmbUMmG4C2/vEpal1Xvquo91Cr1+zyOIpzAKZyDB9dQhztoQBMYjOEZXuHNSZwX5935WLQWnHzmGP7A+fwBxqOOlA==</latexit>

fa � 1
<latexit sha1_base64="xwr/8QV18MZKKFrSWrBucB2vtAU=">AAACAHicbVDLSsNAFJ34rPUVdeHCzWARKkpJRNRlwY0LFxXsA5oQJtNJO3RmEmYmhRKy8VfcuFDErZ/hzr9x2mahrQcuHM65l3vvCRNGlXacb2tpeWV1bb20Ud7c2t7Ztff2WypOJSZNHLNYdkKkCKOCNDXVjHQSSRAPGWmHw9uJ3x4RqWgsHvU4IT5HfUEjipE2UmAfRoHXR5yjqjciOBvm3vkpPINuYFecmjMFXCRuQSqgQCOwv7xejFNOhMYMKdV1nUT7GZKaYkbyspcqkiA8RH3SNVQgTpSfTR/I4YlRejCKpSmh4VT9PZEhrtSYh6aTIz1Q895E/M/rpjq68TMqklQTgWeLopRBHcNJGrBHJcGajQ1BWFJzK8QDJBHWJrOyCcGdf3mRtC5q7lXNfbis1O+LOErgCByDKnDBNaiDO9AATYBBDp7BK3iznqwX6936mLUuWcXMAfgD6/MHub6VNw==</latexit>

f�(~k ) + 1

<latexit sha1_base64="2OnKHKYokI2dgbbrzWKHV4NyNas=">AAAB73icbVA9SwNBEJ3zM8avqKXNYhBsDHciahmwsbCIYD4gOcLeZi5Zsrd37u4FwpE/YWOhiK1/x85/4ya5QhMfDDzem2FmXpAIro3rfjsrq2vrG5uFreL2zu7efungsKHjVDGss1jEqhVQjYJLrBtuBLYShTQKBDaD4e3Ub45QaR7LRzNO0I9oX/KQM2qs1DrvjJBlw0m3VHYr7gxkmXg5KUOOWrf01enFLI1QGiao1m3PTYyfUWU4EzgpdlKNCWVD2se2pZJGqP1sdu+EnFqlR8JY2ZKGzNTfExmNtB5Hge2MqBnoRW8q/ue1UxPe+BmXSWpQsvmiMBXExGT6POlxhcyIsSWUKW5vJWxAFWXGRlS0IXiLLy+TxkXFu6p4D5fl6n0eRwGO4QTOwINrqMId1KAODAQ8wyu8OU/Oi/PufMxbV5x85gj+wPn8AQ2KkAQ=</latexit>

�~k
<latexit sha1_base64="5Y+0or9W/dlBp7U9Ag3uK73NNN8=">AAAB/HicbVDLSsNAFJ3UV62vaJduBotQQUoioi4Lbly4qGAf0IQwmU7aoTOTMDMphFB/xY0LRdz6Ie78G6dtFtp64MLhnHu5954wYVRpx/m2SmvrG5tb5e3Kzu7e/oF9eNRRcSoxaeOYxbIXIkUYFaStqWakl0iCeMhINxzfzvzuhEhFY/Gos4T4HA0FjShG2kiBXY0Cb4g4R3VvQnA+nnrnZ4FdcxrOHHCVuAWpgQKtwP7yBjFOOREaM6RU33US7edIaooZmVa8VJEE4TEakr6hAnGi/Hx+/BSeGmUAo1iaEhrO1d8TOeJKZTw0nRzpkVr2ZuJ/Xj/V0Y2fU5Gkmgi8WBSlDOoYzpKAAyoJ1iwzBGFJza0Qj5BEWJu8KiYEd/nlVdK5aLhXDffhsta8L+Iog2NwAurABdegCe5AC7QBBhl4Bq/gzXqyXqx362PRWrKKmSr4A+vzBxvZlHM=</latexit>

f�(~k )
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Enhancement factor

<latexit sha1_base64="HRooEOQGj0kLdj4OR+EP6edBUgk=">AAAB/nicbVBNS8NAEJ3Ur1q/ouLJy2IRPJWkiHosePHgoYL9gCaGzXbTLt1Nwu5GKKHgX/HiQRGv/g5v/hu3bQ7a+mDg8d4MM/PClDOlHefbKq2srq1vlDcrW9s7u3v2/kFbJZkktEUSnshuiBXlLKYtzTSn3VRSLEJOO+Hoeup3HqlULInv9TilvsCDmEWMYG2kwD6KAm+AhcDIU0wg13nI684ksKtOzZkBLRO3IFUo0AzsL6+fkEzQWBOOleq5Tqr9HEvNCKeTipcpmmIywgPaMzTGgio/n50/QadG6aMokaZijWbq74kcC6XGIjSdAuuhWvSm4n9eL9PRlZ+zOM00jcl8UZRxpBM0zQL1maRE87EhmEhmbkVkiCUm2iRWMSG4iy8vk3a95l7U3LvzauO2iKMMx3ACZ+DCJTTgBprQAgI5PMMrvFlP1ov1bn3MW0tWMXMIf2B9/gCskJSv</latexit>

f� ⇠ 1020
<latexit sha1_base64="xwr/8QV18MZKKFrSWrBucB2vtAU=">AAACAHicbVDLSsNAFJ34rPUVdeHCzWARKkpJRNRlwY0LFxXsA5oQJtNJO3RmEmYmhRKy8VfcuFDErZ/hzr9x2mahrQcuHM65l3vvCRNGlXacb2tpeWV1bb20Ud7c2t7Ztff2WypOJSZNHLNYdkKkCKOCNDXVjHQSSRAPGWmHw9uJ3x4RqWgsHvU4IT5HfUEjipE2UmAfRoHXR5yjqjciOBvm3vkpPINuYFecmjMFXCRuQSqgQCOwv7xejFNOhMYMKdV1nUT7GZKaYkbyspcqkiA8RH3SNVQgTpSfTR/I4YlRejCKpSmh4VT9PZEhrtSYh6aTIz1Q895E/M/rpjq68TMqklQTgWeLopRBHcNJGrBHJcGajQ1BWFJzK8QDJBHWJrOyCcGdf3mRtC5q7lXNfbis1O+LOErgCByDKnDBNaiDO9AATYBBDp7BK3iznqwX6936mLUuWcXMAfgD6/MHub6VNw==</latexit>

f�(~k ) + 1

<latexit sha1_base64="yzx7z+PuWM4p2PI55w3H3w1ZOno="></latexit>

m = 10
�5

eV

B = 1 MHz

P0 = 1 kW

D = 1 m
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Properties of the echo wave



<latexit sha1_base64="1lil5lAb1JXiOKD/Q/XMQ+x/Cwg="></latexit>�
@2
t �r2

�
~A = �g @ta ~r⇥ ~A

What does the echo wave look like?

Beam from emitterEcho

10



<latexit sha1_base64="1lil5lAb1JXiOKD/Q/XMQ+x/Cwg="></latexit>�
@2
t �r2

�
~A = �g @ta ~r⇥ ~A

What does the echo wave look like?

<latexit sha1_base64="oaT9sBcy8/lt4dK3Kb5AHbpcNpE="></latexit>

a =

p
2⇢

m
sin(mt� ~p · ~x)

~A(0) = ê A(0) sin(!t� ~k · ~x)

10

<latexit sha1_base64="mFhrQG95X6bzZvO8mq01xADqA4c="></latexit>

�
@2
t �r2

�
~A(1) = �k̂ ⇥ ê

g

2

r
⇢

2
!A(0) ei(m�!)t+i(~k�~p )·~x



<latexit sha1_base64="mq8kDLwjyjxWmuvY5E3Mvwxnr4s=">AAACFHicbZC7SgNBFIZnvRtvq5Y2g0EQ1LArojaCYGNhEcEYIRvC7ORsHDKXZWY2EKIPYeOr2FgoYmth59s4m2yh0R8GPv5zDmfOH6ecGRsEX97E5NT0zOzcfGlhcWl5xV9duzYq0xRqVHGlb2JigDMJNcssh5tUAxExh3rcPcvr9R5ow5S8sv0UmoJ0JEsYJdZZLX8ngtQwriQ+wQLv4UgJ6BAHd1EPKO7mVg5ptHvX8stBJRgK/4WwgDIqVG35n1Fb0UyAtJQTYxphkNrmgGjLKIf7UpQZSAntkg40HEoiwDQHw6Pu8ZZz2jhR2j1p8dD9OTEgwpi+iF2nIPbWjNdy879aI7PJcXPAZJpZkHS0KMk4tgrnCeE200At7zsgVDP3V0xviSbUuhxLLoRw/OS/cL1fCQ8r4eVB+fSiiGMObaBNtI1CdIRO0Tmqohqi6AE9oRf06j16z96b9z5qnfCKmXX0S97HN7wlnCQ=</latexit>

✏ = m� ! � |~k � ~p |
<latexit sha1_base64="lLkaYHXWG4guZ5zctFjYKFDifmE="></latexit>

A(1) = �i
g

4

r
⇢

2
A(0) ei✏t/2

sin (✏t/2)

✏/2

11

<latexit sha1_base64="mFhrQG95X6bzZvO8mq01xADqA4c="></latexit>

�
@2
t �r2

�
~A(1) = �k̂ ⇥ ê

g

2

r
⇢

2
!A(0) ei(m�!)t+i(~k�~p )·~x

<latexit sha1_base64="krn/A7nOOh0vvUuQn9TIRKy7S5o=">AAACHHicbVDLSsNAFJ3UV62vqEs3g0Wom5KoqMuKGxcuKtgHNDHcTCft0MmDmYlQQj7Ejb/ixoUiblwI/o1Jm4VtPXDhcM693HuPG3EmlWH8aKWl5ZXVtfJ6ZWNza3tH391ryzAWhLZIyEPRdUFSzgLaUkxx2o0EBd/ltOOOrnO/80iFZGFwr8YRtX0YBMxjBFQmOfqpFYFQDLijEosAx1fpQ1Izj1NscY6t0KcDwLNOxdGrRt2YAC8SsyBVVKDp6F9WPySxTwNFOEjZM41I2Um+mHCaVqxY0gjICAa0l9EAfCrtZPJcio8ypY+9UGQVKDxR/04k4Es59t2s0wc1lPNeLv7n9WLlXdoJC6JY0YBMF3kxxyrEeVK4zwQlio8zAkSw7FZMhiCAqCzPPARz/uVF0j6pm+d18+6s2rgt4iijA3SIashEF6iBblATtRBBT+gFvaF37Vl71T60z2lrSStm9tEMtO9fb7egUg==</latexit>

@tA(1) ⌧ !A(1)
<latexit sha1_base64="vCp44k4bu6yoDNB0h/g4P84wfIY="></latexit>

~A(1) = �k̂ ⇥ ê A(1)(t) ei|
~k�~p |t+i(~k�~p )·~x

What does the echo wave look like?



• Polarization, 90º angle if linear


• Mode with momentum                       is excited


• Propagates (almost) backwards for 

Properties of echo wave

<latexit sha1_base64="l/6aJ6Nr9UWIJJ4uKQM7i0ttiwA=">AAAB+XicbZDLSsNAFIZPvNZ6i7p0M1gEQSyJiLosuHHhooK9QBvKZHrSDp1cmJkUSuibuHGhiFvfxJ1v4zTNQlt/GPj4zzmcM7+fCK6043xbK6tr6xubpa3y9s7u3r59cNhUcSoZNlgsYtn2qULBI2xorgW2E4k09AW2/NHdrN4ao1Q8jp70JEEvpIOIB5xRbayebV90x8jIiJyTHJKeXXGqTi6yDG4BFShU79lf3X7M0hAjzQRVquM6ifYyKjVnAqflbqowoWxEB9gxGNEQlZfll0/JqXH6JIileZEmuft7IqOhUpPQN50h1UO1WJuZ/9U6qQ5uvYxHSaoxYvNFQSqIjsksBtLnEpkWEwOUSW5uJWxIJWXahFU2IbiLX16G5mXVva66j1eV2kMRRwmO4QTOwIUbqME91KEBDMbwDK/wZmXWi/VufcxbV6xi5gj+yPr8AWpWkkI=</latexit>

�~k + ~p

<latexit sha1_base64="QfgLZBs/OdJ7rSZ/Dnz7dIJv/hI="></latexit>

~A(0) = ê A(0) sin(!t� ~k · ~x)

~A(1) = �k̂ ⇥ ê
g

2

r
⇢

2
A(0) sin

✓
|~k � ~p |t+ (~k � ~p ) · ~x+

✏t

2

◆
sin (✏t/2)

✏/2

12



At resonance

Properties of echo wave

<latexit sha1_base64="YkP7DokVh9NCf8usMa0FfVVZwvo=">AAACEnicbVC7SgNBFJ31GeMramkzGAQtDLsiaiMEbCwsIpgHZJcwO7mJg/NiZlYIwW+w8VdsLBSxtbLzb5wkW2j0wIUz59zL3HtSzZl1YfgVzMzOzS8sFpaKyyura+uljc2GVZmhUKeKK9NKiQXOJNQdcxxa2gARKYdmens+8pt3YCxT8toNNCSC9CXrMUqclzql/Ri0ZVxJfIYPcawE9Ak+wLoTa2II58D9S3gz7JTKYSUcA/8lUU7KKEetU/qMu4pmAqSjnFjbjkLtkiExjlEO98U4s6AJvSV9aHsqiQCbDMcn3eNdr3RxTxlf0uGx+nNiSIS1A5H6TkHcjZ32RuJ/XjtzvdNkyKTOHEg6+aiXcewUHuWDu8wAdXzgCaGG+V0xvfFRUOdTLPoQoumT/5LGYSU6rkRXR+XqZR5HAW2jHbSHInSCqugC1VAdUfSAntALeg0eg+fgLXiftM4E+cwW+oXg4xs0cJtL</latexit>

✏ = 2! � pk �m = 0
<latexit sha1_base64="NU4XACWS29Cmt5ySXTKDE6x5ssY=">AAAB+XicbVDLSgNBEOz1GeNr1aOXwSAIYtgVUY8BLx48RDAPSJYwO+kkQ2YfzMwGwrJ/4sWDIl79E2/+jZPNHjSxoOmiqpvpKT8WXGnH+bZWVtfWNzZLW+Xtnd29ffvgsKmiRDJssEhEsu1ThYKH2NBcC2zHEmngC2z547uZ35qgVDwKn/Q0Ri+gw5APOKPaSD3bvuhOkKXj7DzvcdazK07VyUGWiVuQChSo9+yvbj9iSYChZoIq1XGdWHsplZozgVm5myiMKRvTIXYMDWmAykvzyzNyapQ+GUTSVKhJrv7eSGmg1DTwzWRA9UgtejPxP6+T6MGtl/IwTjSGbP7QIBFER2QWA+lziUyLqSGUSW5uJWxEJWXahFU2IbiLX14mzcuqe111H68qtYcijhIcwwmcgQs3UIN7qEMDGEzgGV7hzUqtF+vd+piPrljFzhH8gfX5A6DKk7I=</latexit>

�~k + ~p
<latexit sha1_base64="+cX/QirdtFBM4KCoCOIXr8gKLN0=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBiwcPFewHtKFstpN2yWYTdjeFEvojvHhQxKu/x5v/xm2bg1YfDDzem2FmXpAKro3rfjmltfWNza3ydmVnd2//oHp41NZJphi2WCIS1Q2oRsEltgw3ArupQhoHAjtBdDv3OxNUmify0UxT9GM6kjzkjBordfoTZHk0G1Rrbt1dgPwlXkFqUKA5qH72hwnLYpSGCap1z3NT4+dUGc4Ezir9TGNKWURH2LNU0hi1ny/OnZEzqwxJmChb0pCF+nMip7HW0ziwnTE1Y73qzcX/vF5mwhs/5zLNDEq2XBRmgpiEzH8nQ66QGTG1hDLF7a2EjamizNiEKjYEb/Xlv6R9Ufeu6t7DZa1xX8RRhhM4hXPw4BoacAdNaAGDCJ7gBV6d1Hl23pz3ZWvJKWaO4Recj2+jHI/N</latexit>

~k

<latexit sha1_base64="isD3Wms0WIwIYXN0N8UQatu+ziM=">AAAB7nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E1DJgY2ERwXxAcoS9zSRZsre37O4FwpEfYWOhiK2/x85/4ya5QqMPBh7vzTAzL1KCG+v7X15hbX1jc6u4XdrZ3ds/KB8eNU2SaoYNlohEtyNqUHCJDcutwLbSSONIYCsa38791gS14Yl8tFOFYUyHkg84o9ZJre4EWaZmvXLFr/oLkL8kyEkFctR75c9uP2FpjNIyQY3pBL6yYUa15UzgrNRNDSrKxnSIHUcljdGE2eLcGTlzSp8MEu1KWrJQf05kNDZmGkeuM6Z2ZFa9ufif10nt4CbMuFSpRcmWiwapIDYh899Jn2tkVkwdoUxzdythI6opsy6hkgshWH35L2leVIOravBwWand53EU4QRO4RwCuIYa3EEdGsBgDE/wAq+e8p69N+992Vrw8plj+AXv4xuqtY/S</latexit>

~p

<latexit sha1_base64="gdKG9z8LXnmPwAV3vgp/HgZNdOY=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBiwcPFewHtKFstptm6e4m7G6EEvoXvHhQxKt/yJv/xk2ag7Y+GHi8N8PMvCDhTBvX/XYqa+sbm1vV7drO7t7+Qf3wqKvjVBHaITGPVT/AmnImaccww2k/URSLgNNeML3N/d4TVZrF8tHMEuoLPJEsZASbXBqSiI3qDbfpFkCrxCtJA0q0R/Wv4TgmqaDSEI61HnhuYvwMK8MIp/PaMNU0wWSKJ3RgqcSCaj8rbp2jM6uMURgrW9KgQv09kWGh9UwEtlNgE+llLxf/8wapCW/8jMkkNVSSxaIw5cjEKH8cjZmixPCZJZgoZm9FJMIKE2PjqdkQvOWXV0n3ouldNb2Hy0brvoyjCidwCufgwTW04A7a0AECETzDK7w5wnlx3p2PRWvFKWeO4Q+czx8EtI5C</latexit>�

<latexit sha1_base64="sBZV5/4Oan50an5pxTUmJ6rPZQo=">AAAB/nicbVDLSgMxFM34rPU1Kq7cBIvgqswUUZcFNy5cVLAP6AxDJs20oZkkJJliGQr+ihsXirj1O9z5N6btLLT1wIXDOfdy7z2xZFQbz/t2VlbX1jc2S1vl7Z3dvX334LClRaYwaWLBhOrESBNGOWkaahjpSEVQGjPSjoc3U789IkpTwR/MWJIwRX1OE4qRsVLkHgd4QGGApFTiEdZGUSCJkpFb8areDHCZ+AWpgAKNyP0KegJnKeEGM6R11/ekCXOkDMWMTMpBpolEeIj6pGspRynRYT47fwLPrNKDiVC2uIEz9fdEjlKtx2lsO1NkBnrRm4r/ed3MJNdhTrnMDOF4vijJGDQCTrOAPaoINmxsCcKK2lshHiCFsLGJlW0I/uLLy6RVq/qXVf/+olK/K+IogRNwCs6BD65AHdyCBmgCDHLwDF7Bm/PkvDjvzse8dcUpZo7AHzifP85QlW0=</latexit>

� ⇡ 2v?

<latexit sha1_base64="T2fdgYs01flGfLXEmrnjcqpQaCc="></latexit>

! =
m+ pk

2

! � pk =
m� pk

2

<latexit sha1_base64="QfgLZBs/OdJ7rSZ/Dnz7dIJv/hI="></latexit>

~A(0) = ê A(0) sin(!t� ~k · ~x)

~A(1) = �k̂ ⇥ ê
g

2

r
⇢

2
A(0) sin

✓
|~k � ~p |t+ (~k � ~p ) · ~x+

✏t

2

◆
sin (✏t/2)

✏/2

13



Properties of echo wave
<latexit sha1_base64="Ia2rdjjiOGLvfx0jWTWP6Q8P5ps="></latexit>

I(1) =
⇡

4
g2t

Z
d3p

@3⇢

@p3

Z
d!

@I

@!

(0)

�(✏)

Bandwidth

<latexit sha1_base64="1UTQ3XuvzgQ9/iZUNPeFedEA7js=">AAACGnicbVDLSgMxFM3UV62vUZdugkWoIHWmiLosuHHhooJ9QKeUTHrbhiaZIckIZeh3uPFX3LhQxJ248W/MtF1o9UDg5Jx7Sc4JY8608bwvJ7e0vLK6ll8vbGxube+4u3sNHSWKQp1GPFKtkGjgTELdMMOhFSsgIuTQDEdXmd+8B6VZJO/MOIaOIAPJ+owSY6Wu6weCmKESqWByUgp6wA0JIgEDcoJnNxx3g5gowjnw08pxoesWvbI3Bf5L/DkpojlqXfcj6EU0ESAN5UTrtu/FppMSZRjlMCkEiYaY0BEZQNtSSQToTjqNNsFHVunhfqTskQZP1Z8bKRFaj0VoJ7MgetHLxP+8dmL6l52UyTgxIOnsoX7CsYlw1hPuMQXU8LElhCpm/4rp0NZAjW0zK8FfjPyXNCpl/7zs354VqzfzOvLoAB2iEvLRBaqia1RDdUTRA3pCL+jVeXSenTfnfTaac+Y7++gXnM9vo4qglw==</latexit>

min(�!, �pk/2)
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Echo power at ground level



Echo power at ground level: 
One dimensional case

<latexit sha1_base64="ucJDcqfWY+xfyDZtndQ93WNmW0Y=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBiwcPVawttKFstpt26WYTdidCCf0HXjwo4tV/5M1/46bNQVsfDDzem2FmXpBIYdB1v53Syura+kZ5s7K1vbO7V90/eDRxqhlvsVjGuhNQw6VQvIUCJe8kmtMokLwdjK9zv/3EtRGxesBJwv2IDpUIBaNopXus9Ks1t+7OQJaJV5AaFGj2q1+9QczSiCtkkhrT9dwE/YxqFEzyaaWXGp5QNqZD3rVU0YgbP5tdOiUnVhmQMNa2FJKZ+nsio5ExkyiwnRHFkVn0cvE/r5tieOVnQiUpcsXmi8JUEoxJ/jYZCM0ZyokllGlhbyVsRDVlaMPJQ/AWX14mj2d176Lu3Z3XGrdFHGU4gmM4BQ8uoQE30IQWMAjhGV7hzRk7L8678zFvLTnFzCH8gfP5AxmyjRw=</latexit>

t

<latexit sha1_base64="ucJDcqfWY+xfyDZtndQ93WNmW0Y=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBiwcPVawttKFstpt26WYTdidCCf0HXjwo4tV/5M1/46bNQVsfDDzem2FmXpBIYdB1v53Syura+kZ5s7K1vbO7V90/eDRxqhlvsVjGuhNQw6VQvIUCJe8kmtMokLwdjK9zv/3EtRGxesBJwv2IDpUIBaNopXus9Ks1t+7OQJaJV5AaFGj2q1+9QczSiCtkkhrT9dwE/YxqFEzyaaWXGp5QNqZD3rVU0YgbP5tdOiUnVhmQMNa2FJKZ+nsio5ExkyiwnRHFkVn0cvE/r5tieOVnQiUpcsXmi8JUEoxJ/jYZCM0ZyokllGlhbyVsRDVlaMPJQ/AWX14mj2d176Lu3Z3XGrdFHGU4gmM4BQ8uoQE30IQWMAjhGV7hzRk7L8678zFvLTnFzCH8gfP5AxmyjRw=</latexit>

t

<latexit sha1_base64="ucJDcqfWY+xfyDZtndQ93WNmW0Y=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBiwcPVawttKFstpt26WYTdidCCf0HXjwo4tV/5M1/46bNQVsfDDzem2FmXpBIYdB1v53Syura+kZ5s7K1vbO7V90/eDRxqhlvsVjGuhNQw6VQvIUCJe8kmtMokLwdjK9zv/3EtRGxesBJwv2IDpUIBaNopXus9Ks1t+7OQJaJV5AaFGj2q1+9QczSiCtkkhrT9dwE/YxqFEzyaaWXGp5QNqZD3rVU0YgbP5tdOiUnVhmQMNa2FJKZ+nsio5ExkyiwnRHFkVn0cvE/r5tieOVnQiUpcsXmi8JUEoxJ/jYZCM0ZyokllGlhbyVsRDVlaMPJQ/AWX14mj2d176Lu3Z3XGrdFHGU4gmM4BQ8uoQE30IQWMAjhGV7hzRk7L8678zFvLTnFzCH8gfP5AxmyjRw=</latexit>

t

<latexit sha1_base64="qkBE64pa+kDTp4AFjU2jngP3XcQ=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBiyURUY8FLx48VLAf0Iay2W7apbvZsDsplNB/4sWDIl79J978N27aHLT1wcDjvRlm5oWJ4AY879spra1vbG6Vtys7u3v7B+7hUcuoVFPWpEoo3QmJYYLHrAkcBOskmhEZCtYOx3e5354wbbiKn2CasECSYcwjTglYqe+6gC8w9LOellhF0azSd6tezZsDrxK/IFVUoNF3v3oDRVPJYqCCGNP1vQSCjGjgVLBZpZcalhA6JkPWtTQmkpkgm18+w2dWGeBIaVsx4Ln6eyIj0pipDG2nJDAyy14u/ud1U4hug4zHSQospotFUSowKJzHgAdcMwpiagmhmttbMR0RTSjYsPIQ/OWXV0nrsuZf1/zHq2r9oYijjE7QKTpHPrpBdXSPGqiJKJqgZ/SK3pzMeXHenY9Fa8kpZo7RHzifPwXnkqc=</latexit>

t� to↵

•  No axion transverse velocity

•  No beam transverse wavevector components 
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Echo power at ground level: 
One dimensional case

<latexit sha1_base64="SaLATXY+ZzswzXhl7BVEn3Tx6SY="></latexit>

Pc(t) =
1

16

r
⇡

2

g2⇢

�
P0

S \ S0

S0
t<
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Echo power at ground level: 
One dimensional case

<latexit sha1_base64="SaLATXY+ZzswzXhl7BVEn3Tx6SY="></latexit>

Pc(t) =
1

16

r
⇡

2

g2⇢

�
P0

S \ S0

S0
t<

<latexit sha1_base64="mvcA1EjURreLEoUWKXr/PR1PqPI=">AAACGnicbVBNSwMxEM36WetX1aOXYBEEoeyWol6Egh48eFCwttCtJZtOazC7WZNZoS79HV78K148KOJNvPhvTNs9qPVB4M17M0nmBbEUBl33y5manpmdm88t5BeXlldWC2vrl0YlmkONK6l0I2AGpIighgIlNGINLAwk1IObo6FfvwNthIousB9DK2S9SHQFZ2ildsHzj0EiO/TNrcbU7wwLX4XQY1fl3aymcfv+quwre09lMGgXim7JHYFOEi8jRZLhrF348DuKJyFEyCUzpum5MbZSplFwCYO8nxiIGb9hPWhaGrEQTCsdrTag21bp0K7S9kRIR+rPiZSFxvTDwHaGDK/NX28o/uc1E+wetFIRxQlCxMcPdRNJUdFhTrQjNHCUfUsY18L+lfJrphlHm2behuD9XXmSXJZL3l7JO68Uq6dZHDmySbbIDvHIPqmSE3JGaoSTB/JEXsir8+g8O2/O+7h1yslmNsgvOJ/f5Wyhbw==</latexit>

� =

r
�!2 +

�p2z
4
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Echo power at ground level: 
One dimensional case

<latexit sha1_base64="SaLATXY+ZzswzXhl7BVEn3Tx6SY="></latexit>

Pc(t) =
1

16

r
⇡

2

g2⇢

�
P0

S \ S0

S0
t<

Intersection between 
emitting and receiving 

surface
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Echo power at ground level: 
One dimensional case

<latexit sha1_base64="SaLATXY+ZzswzXhl7BVEn3Tx6SY="></latexit>

Pc(t) =
1

16

r
⇡

2

g2⇢

�
P0

S \ S0

S0
t<

Minimum between     and  
<latexit sha1_base64="scOsfDO3BEQAlgFM092laoIULbc=">AAAB6HicbVA9SwNBEN2LXzF+RS1tFoNgFe5E1DJgY2GRgPmA5Ah7m7lkzd7esTsnhCO/wMZCEVt/kp3/xk1yhSY+GHi8N8PMvCCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqjk0eSxj3QmYASkUNFGghE6igUWBhHYwvp357SfQRsTqAScJ+BEbKhEKztBKDeyXK27VnYOuEi8nFZKj3i9/9QYxTyNQyCUzpuu5CfoZ0yi4hGmplxpIGB+zIXQtVSwC42fzQ6f0zCoDGsbalkI6V39PZCwyZhIFtjNiODLL3kz8z+umGN74mVBJiqD4YlGYSooxnX1NB0IDRzmxhHEt7K2Uj5hmHG02JRuCt/zyKmldVL2rqte4rNTu8ziK5IScknPikWtSI3ekTpqEEyDP5JW8OY/Oi/PufCxaC04+c0z+wPn8AeUjjQg=</latexit>

t
<latexit sha1_base64="iqHRmQkMLxOcN2y3bF78HQV3s+A=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgKeyKqMeAFw8eIpgHbJYwO5lNhsxjmekVwpLP8OJBEa9+jTf/xkmyB00saCiquunuilPBLfj+t1daW9/Y3CpvV3Z29/YPqodHbaszQ1mLaqFNNyaWCa5YCzgI1k0NIzIWrBOPb2d+54kZy7V6hEnKIkmGiiecEnBSCP28ZyTWSTLtV2t+3Z8Dr5KgIDVUoNmvfvUGmmaSKaCCWBsGfgpRTgxwKti00sssSwkdkyELHVVEMhvl85On+MwpA5xo40oBnqu/J3IirZ3I2HVKAiO77M3E/7wwg+QmyrlKM2CKLhYlmcCg8ex/POCGURATRwg13N2K6YgYQsGlVHEhBMsvr5L2RT24qgcPl7XGfRFHGZ2gU3SOAnSNGugONVELUaTRM3pFbx54L96797FoLXnFzDH6A+/zB2AYkVk=</latexit>

to↵
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Echo power at ground level: 
One dimensional case

<latexit sha1_base64="SaLATXY+ZzswzXhl7BVEn3Tx6SY="></latexit>

Pc(t) =
1

16

r
⇡

2

g2⇢

�
P0

S \ S0

S0
t<

<latexit sha1_base64="gQTPDFHXJZTk29Twvac12R98uO0="></latexit>

P = 10
�19

W

✓
g

10�14 GeV
�1

◆2
 

⇢

0.4 GeV/cm3

!✓
kHz

�

◆✓
P0

1 kW

◆✓
t<
hr

◆
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Echo power at ground level: 
Three dimensional case

<latexit sha1_base64="BrY8p7ZmUw/tN5ZXZqBeiAEsyzI="></latexit>

Pc(t) =
1

16

r
⇡

2

g2⇢

�
P0

1

S0

Z

S
d2x?T (t, ~x?)

3D effects
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A model for the beam
Approximate the main lobe of the antenna beam as a Gaussian beam

<latexit sha1_base64="xgU7RIY94Wn0+HP7Oz7JESzhphA="></latexit>

~B(0) = ✏̂
B0

2

R

w(z)
e
� r2

2w(z)2 ei!
r2

2R(z) e�i!(t�z)
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Small velocity dispersion

<latexit sha1_base64="ucJDcqfWY+xfyDZtndQ93WNmW0Y=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBiwcPVawttKFstpt26WYTdidCCf0HXjwo4tV/5M1/46bNQVsfDDzem2FmXpBIYdB1v53Syura+kZ5s7K1vbO7V90/eDRxqhlvsVjGuhNQw6VQvIUCJe8kmtMokLwdjK9zv/3EtRGxesBJwv2IDpUIBaNopXus9Ks1t+7OQJaJV5AaFGj2q1+9QczSiCtkkhrT9dwE/YxqFEzyaaWXGp5QNqZD3rVU0YgbP5tdOiUnVhmQMNa2FJKZ+nsio5ExkyiwnRHFkVn0cvE/r5tieOVnQiUpcsXmi8JUEoxJ/jYZCM0ZyokllGlhbyVsRDVlaMPJQ/AWX14mj2d176Lu3Z3XGrdFHGU4gmM4BQ8uoQE30IQWMAjhGV7hzRk7L8678zFvLTnFzCH8gfP5AxmyjRw=</latexit>

t

<latexit sha1_base64="ucJDcqfWY+xfyDZtndQ93WNmW0Y=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBiwcPVawttKFstpt26WYTdidCCf0HXjwo4tV/5M1/46bNQVsfDDzem2FmXpBIYdB1v53Syura+kZ5s7K1vbO7V90/eDRxqhlvsVjGuhNQw6VQvIUCJe8kmtMokLwdjK9zv/3EtRGxesBJwv2IDpUIBaNopXus9Ks1t+7OQJaJV5AaFGj2q1+9QczSiCtkkhrT9dwE/YxqFEzyaaWXGp5QNqZD3rVU0YgbP5tdOiUnVhmQMNa2FJKZ+nsio5ExkyiwnRHFkVn0cvE/r5tieOVnQiUpcsXmi8JUEoxJ/jYZCM0ZyokllGlhbyVsRDVlaMPJQ/AWX14mj2d176Lu3Z3XGrdFHGU4gmM4BQ8uoQE30IQWMAjhGV7hzRk7L8678zFvLTnFzCH8gfP5AxmyjRw=</latexit>

t

<latexit sha1_base64="qkBE64pa+kDTp4AFjU2jngP3XcQ=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBiyURUY8FLx48VLAf0Iay2W7apbvZsDsplNB/4sWDIl79J978N27aHLT1wcDjvRlm5oWJ4AY879spra1vbG6Vtys7u3v7B+7hUcuoVFPWpEoo3QmJYYLHrAkcBOskmhEZCtYOx3e5354wbbiKn2CasECSYcwjTglYqe+6gC8w9LOellhF0azSd6tezZsDrxK/IFVUoNF3v3oDRVPJYqCCGNP1vQSCjGjgVLBZpZcalhA6JkPWtTQmkpkgm18+w2dWGeBIaVsx4Ln6eyIj0pipDG2nJDAyy14u/ud1U4hug4zHSQospotFUSowKJzHgAdcMwpiagmhmttbMR0RTSjYsPIQ/OWXV0nrsuZf1/zHq2r9oYijjE7QKTpHPrpBdXSPGqiJKJqgZ/SK3pzMeXHenY9Fa8kpZo7RHzifPwXnkqc=</latexit>

t� to↵

<latexit sha1_base64="GO27Ftf2atavB+kJCW+vT+65i1I=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E1DJgY2ER0XxAcoS9zV6yZG/v2J0LhCM/wcZCEVt/kZ3/xk1yhSY+GHi8N8PMvCCRwqDrfjuFtfWNza3idmlnd2//oHx41DRxqhlvsFjGuh1Qw6VQvIECJW8nmtMokLwVjG5nfmvMtRGxesJJwv2IDpQIBaNopcdxL+mVK27VnYOsEi8nFchR75W/uv2YpRFXyCQ1puO5CfoZ1SiY5NNSNzU8oWxEB7xjqaIRN342P3VKzqzSJ2GsbSkkc/X3REYjYyZRYDsjikOz7M3E/7xOiuGNnwmVpMgVWywKU0kwJrO/SV9ozlBOLKFMC3srYUOqKUObTsmG4C2/vEqaF1Xvquo9XFZq93kcRTiBUzgHD66hBndQhwYwGMAzvMKbI50X5935WLQWnHzmGP7A+fwBbRqN7Q==</latexit>vp

<latexit sha1_base64="ucJDcqfWY+xfyDZtndQ93WNmW0Y=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBiwcPVawttKFstpt26WYTdidCCf0HXjwo4tV/5M1/46bNQVsfDDzem2FmXpBIYdB1v53Syura+kZ5s7K1vbO7V90/eDRxqhlvsVjGuhNQw6VQvIUCJe8kmtMokLwdjK9zv/3EtRGxesBJwv2IDpUIBaNopXus9Ks1t+7OQJaJV5AaFGj2q1+9QczSiCtkkhrT9dwE/YxqFEzyaaWXGp5QNqZD3rVU0YgbP5tdOiUnVhmQMNa2FJKZ+nsio5ExkyiwnRHFkVn0cvE/r5tieOVnQiUpcsXmi8JUEoxJ/jYZCM0ZyokllGlhbyVsRDVlaMPJQ/AWX14mj2d176Lu3Z3XGrdFHGU4gmM4BQ8uoQE30IQWMAjhGV7hzRk7L8678zFvLTnFzCH8gfP5AxmyjRw=</latexit>

t

<latexit sha1_base64="eaic9XF4v8oAmGq5YmAHHp72gl0=">AAAB6XicbVA9SwNBEJ3zM8avqKXNYhCswl0QtQzYWFjEYD4gOcLeZi9Zsrd37M4J4cg/sLFQxNZ/ZOe/cZNcoYkPBh7vzTAzL0ikMOi6387a+sbm1nZhp7i7t39wWDo6bpk41Yw3WSxj3Qmo4VIo3kSBkncSzWkUSN4Oxrczv/3EtRGxesRJwv2IDpUIBaNopUa10S+V3Yo7B1klXk7KkKPeL331BjFLI66QSWpM13MT9DOqUTDJp8VeanhC2ZgOeddSRSNu/Gx+6ZScW2VAwljbUkjm6u+JjEbGTKLAdkYUR2bZm4n/ed0Uwxs/EypJkSu2WBSmkmBMZm+TgdCcoZxYQpkW9lbCRlRThjacog3BW355lbSqFe+q4j1clmv3eRwFOIUzuAAPrqEGd1CHJjAI4Rle4c0ZOy/Ou/OxaF1z8pkT+APn8wciiI0i</latexit>

2R

<latexit sha1_base64="ERT0Gm/kPvQbmfH0GETM4BnF/SQ=">AAAB+nicbVDLSgMxFM3UV62vqS7dBIvgqswUUZcFNy5cVLAP6AxDJs20oZkkJJlqqf0UNy4UceuXuPNvTNtZaOuBC4dz7uXee2LJqDae9+0U1tY3NreK26Wd3b39A7d82NIiU5g0sWBCdWKkCaOcNA01jHSkIiiNGWnHw+uZ3x4Rpang92YsSZiiPqcJxchYKXLLAR5QGCAplXiEtVEkI7fiVb054Crxc1IBORqR+xX0BM5Swg1mSOuu70kTTpAyFDMyLQWZJhLhIeqTrqUcpUSHk/npU3hqlR5MhLLFDZyrvycmKNV6nMa2M0VmoJe9mfif181MchVOKJeZIRwvFiUZg0bAWQ6wRxXBho0tQVhReyvEA6QQNjatkg3BX355lbRqVf+i6t+dV+q3eRxFcAxOwBnwwSWogxvQAE2AwQN4Bq/gzXlyXpx352PRWnDymSPwB87nD6NPk6I=</latexit>

� ⇡ 2vp
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Small velocity dispersion
<latexit sha1_base64="Dk91FHQ8nnnRlVBvJgGwXwca+2Y=">AAAB/HicbVC7SgNBFJ2NrxhfqyltBoNgFXdF1MIiYGNhEcU8IFmW2clsMmQey8xsICzxV2wsFLH1Q+z8GyfJFpp44MLhnHu5954oYVQbz/t2Ciura+sbxc3S1vbO7p67f9DUMlWYNLBkUrUjpAmjgjQMNYy0E0UQjxhpRcObqd8aEaWpFI9mnJCAo76gMcXIWCl0yybMuopDGccTeA0fTkdhEroVr+rNAJeJn5MKyFEP3a9uT+KUE2EwQ1p3fC8xQYaUoZiRSambapIgPER90rFUIE50kM2On8Bjq/RgLJUtYeBM/T2RIa71mEe2kyMz0IveVPzP66QmvgoyKpLUEIHni+KUQSPhNAnYo4pgw8aWIKyovRXiAVIIG5tXyYbgL768TJpnVf+i6t+fV2p3eRxFcAiOwAnwwSWogVtQBw2AwRg8g1fw5jw5L8678zFvLTj5TBn8gfP5A5WklBw=</latexit>

to↵ < R/vp
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Small velocity dispersion
<latexit sha1_base64="Jq5dKQplBb9+KEl9HWqZUM/Mm/0=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiYi6koKbly4qGIf0IYwmU7aofMIM5NCCfVX3LhQxK0f4s6/cdpmoa0HLhzOuZd774kSRrXxvG+nsLK6tr5R3Cxtbe/s7rn7B00tU4VJA0smVTtCmjAqSMNQw0g7UQTxiJFWNLyZ+q0RUZpK8WjGCQk46gsaU4yMlUK3bMKsqziUcTyB1/DhdBQmoVvxqt4McJn4OamAHPXQ/er2JE45EQYzpHXH9xITZEgZihmZlLqpJgnCQ9QnHUsF4kQH2ez4CTy2Sg/GUtkSBs7U3xMZ4lqPeWQ7OTIDvehNxf+8TmriqyCjIkkNEXi+KE4ZNBJOk4A9qgg2bGwJworaWyEeIIWwsXmVbAj+4svLpHlW9S+q/v15pXaXx1EEh+AInAAfXIIauAV10AAYjMEzeAVvzpPz4rw7H/PWgpPPlMEfOJ8/mLiUHg==</latexit>

to↵ > R/vp

23





Large velocity dispersion

<latexit sha1_base64="ucJDcqfWY+xfyDZtndQ93WNmW0Y=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBiwcPVawttKFstpt26WYTdidCCf0HXjwo4tV/5M1/46bNQVsfDDzem2FmXpBIYdB1v53Syura+kZ5s7K1vbO7V90/eDRxqhlvsVjGuhNQw6VQvIUCJe8kmtMokLwdjK9zv/3EtRGxesBJwv2IDpUIBaNopXus9Ks1t+7OQJaJV5AaFGj2q1+9QczSiCtkkhrT9dwE/YxqFEzyaaWXGp5QNqZD3rVU0YgbP5tdOiUnVhmQMNa2FJKZ+nsio5ExkyiwnRHFkVn0cvE/r5tieOVnQiUpcsXmi8JUEoxJ/jYZCM0ZyokllGlhbyVsRDVlaMPJQ/AWX14mj2d176Lu3Z3XGrdFHGU4gmM4BQ8uoQE30IQWMAjhGV7hzRk7L8678zFvLTnFzCH8gfP5AxmyjRw=</latexit>

t

<latexit sha1_base64="ucJDcqfWY+xfyDZtndQ93WNmW0Y=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBiwcPVawttKFstpt26WYTdidCCf0HXjwo4tV/5M1/46bNQVsfDDzem2FmXpBIYdB1v53Syura+kZ5s7K1vbO7V90/eDRxqhlvsVjGuhNQw6VQvIUCJe8kmtMokLwdjK9zv/3EtRGxesBJwv2IDpUIBaNopXus9Ks1t+7OQJaJV5AaFGj2q1+9QczSiCtkkhrT9dwE/YxqFEzyaaWXGp5QNqZD3rVU0YgbP5tdOiUnVhmQMNa2FJKZ+nsio5ExkyiwnRHFkVn0cvE/r5tieOVnQiUpcsXmi8JUEoxJ/jYZCM0ZyokllGlhbyVsRDVlaMPJQ/AWX14mj2d176Lu3Z3XGrdFHGU4gmM4BQ8uoQE30IQWMAjhGV7hzRk7L8678zFvLTnFzCH8gfP5AxmyjRw=</latexit>

t

<latexit sha1_base64="qkBE64pa+kDTp4AFjU2jngP3XcQ=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBiyURUY8FLx48VLAf0Iay2W7apbvZsDsplNB/4sWDIl79J978N27aHLT1wcDjvRlm5oWJ4AY879spra1vbG6Vtys7u3v7B+7hUcuoVFPWpEoo3QmJYYLHrAkcBOskmhEZCtYOx3e5354wbbiKn2CasECSYcwjTglYqe+6gC8w9LOellhF0azSd6tezZsDrxK/IFVUoNF3v3oDRVPJYqCCGNP1vQSCjGjgVLBZpZcalhA6JkPWtTQmkpkgm18+w2dWGeBIaVsx4Ln6eyIj0pipDG2nJDAyy14u/ud1U4hug4zHSQospotFUSowKJzHgAdcMwpiagmhmttbMR0RTSjYsPIQ/OWXV0nrsuZf1/zHq2r9oYijjE7QKTpHPrpBdXSPGqiJKJqgZ/SK3pzMeXHenY9Fa8kpZo7RHzifPwXnkqc=</latexit>

t� to↵

<latexit sha1_base64="ucJDcqfWY+xfyDZtndQ93WNmW0Y=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBiwcPVawttKFstpt26WYTdidCCf0HXjwo4tV/5M1/46bNQVsfDDzem2FmXpBIYdB1v53Syura+kZ5s7K1vbO7V90/eDRxqhlvsVjGuhNQw6VQvIUCJe8kmtMokLwdjK9zv/3EtRGxesBJwv2IDpUIBaNopXus9Ks1t+7OQJaJV5AaFGj2q1+9QczSiCtkkhrT9dwE/YxqFEzyaaWXGp5QNqZD3rVU0YgbP5tdOiUnVhmQMNa2FJKZ+nsio5ExkyiwnRHFkVn0cvE/r5tieOVnQiUpcsXmi8JUEoxJ/jYZCM0ZyokllGlhbyVsRDVlaMPJQ/AWX14mj2d176Lu3Z3XGrdFHGU4gmM4BQ8uoQE30IQWMAjhGV7hzRk7L8678zFvLTnFzCH8gfP5AxmyjRw=</latexit>

t

<latexit sha1_base64="GvdJdx201l0l/eCJaHljjEGLwHg=">AAACBXicbVC7SgNBFJ2Nrxhfq5ZaDAbBKuwGUcuAjYVFBPOAbFhmZ2+SIbOzw8xsMIQ0Nv6KjYUitv6DnX/j5FFo4oELh3Pu5d57IsmZNp737eRWVtfWN/Kbha3tnd09d/+grtNMUajRlKeqGRENnAmoGWY4NKUCkkQcGlH/euI3BqA0S8W9GUpoJ6QrWIdRYqwUuscB7TEcEClV+oDLQQzcEDwIAwlKhm7RK3lT4GXiz0kRzVEN3a8gTmmWgDCUE61bvidNe0SUYZTDuBBkGiShfdKFlqWCJKDbo+kXY3xqlRh3UmVLGDxVf0+MSKL1MIlsZ0JMTy96E/E/r5WZzlV7xITMDAg6W9TJODYpnkSCY6aAGj60hFDF7K2Y9ogi1NjgCjYEf/HlZVIvl/yLkn93XqzczuPIoyN0gs6Qjy5RBd2gKqohih7RM3pFb86T8+K8Ox+z1pwznzlEf+B8/gDiuZg5</latexit>

� ⇡ 2�v?

<latexit sha1_base64="bEi+5ivCnHuJNod4sguuqJJsXPE=">AAAB9XicbVBNS8NAEN34WetX1aOXxSJ4KomIeix48eChgv2AJpbNZtIu3WyW3U2lhP4PLx4U8ep/8ea/cdvmoK0PBh7vzTAzL5ScaeO6387K6tr6xmZpq7y9s7u3Xzk4bOk0UxSaNOWp6oREA2cCmoYZDh2pgCQhh3Y4vJn67REozVLxYMYSgoT0BYsZJcZKj34E3BA86vkSlOxVqm7NnQEvE68gVVSg0at8+VFKswSEoZxo3fVcaYKcKMMoh0nZzzRIQoekD11LBUlAB/ns6gk+tUqE41TZEgbP1N8TOUm0Hieh7UyIGehFbyr+53UzE18HORMyMyDofFGccWxSPI0AR0wBNXxsCaGK2VsxHRBFqLFBlW0I3uLLy6R1XvMua979RbV+V8RRQsfoBJ0hD12hOrpFDdREFCn0jF7Rm/PkvDjvzse8dcUpZo7QHzifP3NTkoQ=</latexit>

�v?

<latexit sha1_base64="eaic9XF4v8oAmGq5YmAHHp72gl0=">AAAB6XicbVA9SwNBEJ3zM8avqKXNYhCswl0QtQzYWFjEYD4gOcLeZi9Zsrd37M4J4cg/sLFQxNZ/ZOe/cZNcoYkPBh7vzTAzL0ikMOi6387a+sbm1nZhp7i7t39wWDo6bpk41Yw3WSxj3Qmo4VIo3kSBkncSzWkUSN4Oxrczv/3EtRGxesRJwv2IDpUIBaNopUa10S+V3Yo7B1klXk7KkKPeL331BjFLI66QSWpM13MT9DOqUTDJp8VeanhC2ZgOeddSRSNu/Gx+6ZScW2VAwljbUkjm6u+JjEbGTKLAdkYUR2bZm4n/ed0Uwxs/EypJkSu2WBSmkmBMZm+TgdCcoZxYQpkW9lbCRlRThjacog3BW355lbSqFe+q4j1clmv3eRwFOIUzuAAPrqEGd1CHJjAI4Rle4c0ZOy/Ou/OxaF1z8pkT+APn8wciiI0i</latexit>

2R
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Large velocity dispersion
<latexit sha1_base64="lvoOwPg3zKecdk63F0admKdaNy8=">AAACB3icbVC7SgNBFJ31GeMrainIYBCs4q6IWlgEbCwsopgHZMMyO7mbDJl9MHM3EJZ0Nv6KjYUitv6CnX/j5FFo4oELh3Pu5d57/EQKjbb9bS0sLi2vrObW8usbm1vbhZ3dmo5TxaHKYxmrhs80SBFBFQVKaCQKWOhLqPu965Ff74PSIo4ecJBAK2SdSASCMzSSVzhAL3NVSOMgGNIren/itkEio33PTUAlXqFol+wx6DxxpqRIpqh4hS+3HfM0hAi5ZFo3HTvBVsYUCi5hmHdTDQnjPdaBpqERC0G3svEfQ3pklDYNYmUqQjpWf09kLNR6EPqmM2TY1bPeSPzPa6YYXLYyESUpQsQni4JUUozpKBTaFgo4yoEhjCthbqW8yxTjaKLLmxCc2ZfnSe205JyXnLuzYvl2GkeO7JNDckwcckHK5IZUSJVw8kieySt5s56sF+vd+pi0LljTmT3yB9bnD9mcmLM=</latexit>

to↵ < R/�v?

26



Large velocity dispersion
<latexit sha1_base64="260397IL3fZGCHpAchRJNqlEfc8=">AAACB3icbVDJSgNBEO1xjXGLehSkMQie4oyIepKAFw8eopgFMmHo6dQkTXoWumsCYcjNi7/ixYMiXv0Fb/6NneWgiQ8KHu9VUVXPT6TQaNvf1sLi0vLKam4tv76xubVd2Nmt6ThVHKo8lrFq+EyDFBFUUaCERqKAhb6Eut+7Hvn1Pigt4ugBBwm0QtaJRCA4QyN5hQP0MleFNA6CIb2i9yduGyQy2vfcBFTiFYp2yR6DzhNnSopkiopX+HLbMU9DiJBLpnXTsRNsZUyh4BKGeTfVkDDeYx1oGhqxEHQrG/8xpEdGadMgVqYipGP190TGQq0HoW86Q4ZdPeuNxP+8ZorBZSsTUZIiRHyyKEglxZiOQqFtoYCjHBjCuBLmVsq7TDGOJrq8CcGZfXme1E5LznnJuTsrlm+nceTIPjkkx8QhF6RMbkiFVAknj+SZvJI368l6sd6tj0nrgjWd2SN/YH3+ANzGmLU=</latexit>

to↵ > R/�v?
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Sensitivity

Condon, Ransom - Essential Radio Astronomy



Collected power
Concentric receiver of radius 

<latexit sha1_base64="OpYhk23C+N0bxbDpRic/KQEO4MQ=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMeAFw8e4iMPSJYwO+lNhszOLjOzQljyCV48KOLVL/Lm3zhJ9qCJBQ1FVTfdXUEiuDau++0UVlbX1jeKm6Wt7Z3dvfL+QVPHqWLYYLGIVTugGgWX2DDcCGwnCmkUCGwFo+up33pCpXksH804QT+iA8lDzqix0sN9j/XKFbfqzkCWiZeTCuSo98pf3X7M0gilYYJq3fHcxPgZVYYzgZNSN9WYUDaiA+xYKmmE2s9mp07IiVX6JIyVLWnITP09kdFI63EU2M6ImqFe9Kbif14nNeGVn3GZpAYlmy8KU0FMTKZ/kz5XyIwYW0KZ4vZWwoZUUWZsOiUbgrf48jJpnlW9i6p3d16p3eZxFOEIjuEUPLiEGtxAHRrAYADP8ApvjnBenHfnY95acPKZQ/gD5/MHIo6NvA==</latexit>

Rc

<latexit sha1_base64="Dk91FHQ8nnnRlVBvJgGwXwca+2Y=">AAAB/HicbVC7SgNBFJ2NrxhfqyltBoNgFXdF1MIiYGNhEcU8IFmW2clsMmQey8xsICzxV2wsFLH1Q+z8GyfJFpp44MLhnHu5954oYVQbz/t2Ciura+sbxc3S1vbO7p67f9DUMlWYNLBkUrUjpAmjgjQMNYy0E0UQjxhpRcObqd8aEaWpFI9mnJCAo76gMcXIWCl0yybMuopDGccTeA0fTkdhEroVr+rNAJeJn5MKyFEP3a9uT+KUE2EwQ1p3fC8xQYaUoZiRSambapIgPER90rFUIE50kM2On8Bjq/RgLJUtYeBM/T2RIa71mEe2kyMz0IveVPzP66QmvgoyKpLUEIHni+KUQSPhNAnYo4pgw8aWIKyovRXiAVIIG5tXyYbgL768TJpnVf+i6t+fV2p3eRxFcAiOwAnwwSWogVtQBw2AwRg8g1fw5jw5L8678zFvLTj5TBn8gfP5A5WklBw=</latexit>

to↵ < R/vp
<latexit sha1_base64="Jq5dKQplBb9+KEl9HWqZUM/Mm/0=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiYi6koKbly4qGIf0IYwmU7aofMIM5NCCfVX3LhQxK0f4s6/cdpmoa0HLhzOuZd774kSRrXxvG+nsLK6tr5R3Cxtbe/s7rn7B00tU4VJA0smVTtCmjAqSMNQw0g7UQTxiJFWNLyZ+q0RUZpK8WjGCQk46gsaU4yMlUK3bMKsqziUcTyB1/DhdBQmoVvxqt4McJn4OamAHPXQ/er2JE45EQYzpHXH9xITZEgZihmZlLqpJgnCQ9QnHUsF4kQH2ez4CTy2Sg/GUtkSBs7U3xMZ4lqPeWQ7OTIDvehNxf+8TmriqyCjIkkNEXi+KE4ZNBJOk4A9qgg2bGwJworaWyEeIIWwsXmVbAj+4svLpHlW9S+q/v15pXaXx1EEh+AInAAfXIIauAV10AAYjMEzeAVvzpPz4rw7H/PWgpPPlMEfOJ8/mLiUHg==</latexit>

to↵ > R/vp

<latexit sha1_base64="3gHauGbfdCCNCxf9W2dfqIS214A="></latexit>

Pc =
1

16

r
⇡

2

g2⇢

max(�!, �pk/2)
P0 min(to↵ , Rchv�1

? i)
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Sensitivity

<latexit sha1_base64="Dk91FHQ8nnnRlVBvJgGwXwca+2Y=">AAAB/HicbVC7SgNBFJ2NrxhfqyltBoNgFXdF1MIiYGNhEcU8IFmW2clsMmQey8xsICzxV2wsFLH1Q+z8GyfJFpp44MLhnHu5954oYVQbz/t2Ciura+sbxc3S1vbO7p67f9DUMlWYNLBkUrUjpAmjgjQMNYy0E0UQjxhpRcObqd8aEaWpFI9mnJCAo76gMcXIWCl0yybMuopDGccTeA0fTkdhEroVr+rNAJeJn5MKyFEP3a9uT+KUE2EwQ1p3fC8xQYaUoZiRSambapIgPER90rFUIE50kM2On8Bjq/RgLJUtYeBM/T2RIa71mEe2kyMz0IveVPzP66QmvgoyKpLUEIHni+KUQSPhNAnYo4pgw8aWIKyovRXiAVIIG5tXyYbgL768TJpnVf+i6t+fV2p3eRxFcAiOwAnwwSWogVtQBw2AwRg8g1fw5jw5L8678zFvLTj5TBn8gfP5A5WklBw=</latexit>

to↵ < R/vp
<latexit sha1_base64="Jq5dKQplBb9+KEl9HWqZUM/Mm/0=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiYi6koKbly4qGIf0IYwmU7aofMIM5NCCfVX3LhQxK0f4s6/cdpmoa0HLhzOuZd774kSRrXxvG+nsLK6tr5R3Cxtbe/s7rn7B00tU4VJA0smVTtCmjAqSMNQw0g7UQTxiJFWNLyZ+q0RUZpK8WjGCQk46gsaU4yMlUK3bMKsqziUcTyB1/DhdBQmoVvxqt4McJn4OamAHPXQ/er2JE45EQYzpHXH9xITZEgZihmZlLqpJgnCQ9QnHUsF4kQH2ez4CTy2Sg/GUtkSBs7U3xMZ4lqPeWQ7OTIDvehNxf+8TmriqyCjIkkNEXi+KE4ZNBJOk4A9qgg2bGwJworaWyEeIIWwsXmVbAj+4svLpHlW9S+q/v15pXaXx1EEh+AInAAfXIIauAV10AAYjMEzeAVvzpPz4rw7H/PWgpPPlMEfOJ8/mLiUHg==</latexit>

to↵ > R/vp

<latexit sha1_base64="zGVd2WNUci9wb34hrH2qGjwSC3E=">AAACDXicbVC7SgNBFJ2NrxhfUUubwShYxV0RtRGCNhYWEfKCJCyzk9lkyOzsOnNXCMv+gI2/YmOhiK29nX/jJNlCEw8MHM45lzv3eJHgGmz728otLC4tr+RXC2vrG5tbxe2dhg5jRVmdhiJULY9oJrhkdeAgWCtSjASeYE1veD32mw9MaR7KGowi1g1IX3KfUwJGcosH+lheJlWXdkITwzVXph19ryABN5hKV2nBLZbssj0BnidORkooQ9UtfnV6IY0DJoEKonXbsSPoJkQBp4KlhU6sWUTokPRZ21BJAqa7yeSaFB8apYf9UJknAU/U3xMJCbQeBZ5JBgQGetYbi/957Rj8i27CZRQDk3S6yI8FhhCPq8E9rhgFMTKEUMXNXzEdEEUomALHJTizJ8+TxknZOSs7d6elym1WRx7toX10hBx0jiroBlVRHVH0iJ7RK3qznqwX6936mEZzVjazi/7A+vwBQkKbtQ==</latexit>

s/n =
Pc

Tn

r
tm
B

<latexit sha1_base64="1sBh3tvSwjuOhl/Tmfuh7cv7C7A="></latexit>

B =
1

2⇡
min(�!, �pk/2)

<latexit sha1_base64="khFZ0MIwlGAgJqjIFCZIeLhHC9I="></latexit>

tm = max(to↵ , Rchv�1
? i)

31



32

<latexit sha1_base64="xjEGP8Gax48VRt6emraYsgnSfcM="></latexit>

⇢ = 0.45 Gev cm�3

v = 230 km/s

�v = 270 km/s

<latexit sha1_base64="uzb71oKOKW0eCodLE5lNz/E7tBA="></latexit>

⇢ = 1 Gev cm�3

v = 300 km/s

�v = 70 m/s

v? = 5 km/s

Isothermal sphereCaustic ring model

See talk on Wednesday by P. Sikivie



<latexit sha1_base64="phvJXUxk+B/VYZI4qVDgNk/48IQ="></latexit>

E = 10MWyr s/n = 5 Tn = 20K R = 50m Rc = 100m

33

<latexit sha1_base64="rPjQ6uADaexNLW8L/y/VE/+YfRQ="></latexit>

to↵ =
1

2�!
�! = �pz/2

Isothermal sphereCaustic ring model

Fixed energy to cover a factor of 2 in axion mass (dashed)



Isothermal sphereCaustic ring model

Fixed beam power and on-time to cover a factor of 2 in axion mass (dashed)

34

<latexit sha1_base64="LN5MZ4tIvMBqjryaUZRAX+gC1es="></latexit>

P0 = 10MW tT = 1 yr s/n = 5 Tn = 20K R = 50m Rc = 100m
<latexit sha1_base64="Dz7RKnniWOc0aHJRaO2Ebzy3ed8="></latexit>

to↵ =
p

�vzt?tT �! =
m

2

r
�vzt?
tT



Beam height
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THE PREPARATION FOR THE FIRST 
STAGE OF THE EXPERIMENT 

Quan Guo
Shanghai Astronomical Observatory, CAS
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POTENTIAL EXPERIENTIAL SITE

Very low Radio frequency interference
Only two of FM radio signals above the background noise after 64 dB 
amplified 
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Two type of Antennas

First type of Antennas available
Low frequency 50 – 200 Mhz 

Second type of Antennas available
Low frequency 0.3 – 3 Ghz 39



DAQ SYSTEM

• FPGA Rfsoc (Xilinx Zynq® UltraScale+™ )，
• 12bit ADC
• Power: 38w
• 功率约38瓦
• Sample rate 480 Msa/s upgradable to 2Gsa/s
• 480 Msa/s 采样率
• 4 10Gb ethernet output

FPGA sealed in the box

40



DATA SAVING SYSTEM

• Powerful PC with GPU acceleration 
• Powered by the car batteries
• Packed in the traveling case and easy to be moving around
• Can Handle 7.6Gb/s data transferred from the DAQ:  1. Saving to the 

disk directly  or 2.  perform FFT on-the-fly and save the spectrums. 
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 MISSING PARTS

• Power emission devices to emit at specific frequency 
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