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Plan of the day
Lecture 1: From cosmology to black holes

• What cosmologists care about 

• Screening mechanisms 

• Model building tool-kits 

• Where we stand now



Plan of the day
Lecture 2: What I think is interesting

• Strong field vs. cosmology vs. theory 

• Outstanding problems this community can resolve 

• Best targets for joint efforts 

• Possible ideas



Outline
1. Motivation: dark energy 
2. Why we need to screen 
3. Principles of screening 
4. Chameleon mechanism 
5. Symmetron mechanism 
6. Unified description of screening 
7. Vainshtein mechanism and galileons 
8. Horndeski and beyond 
9. Vainshtein breaking  
10. Cosmological gravity after GW170817
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1) Dark energy



Cosmology 101: how do we describe 
an expanding universe?

fixed reference grid:
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x
<latexit sha1_base64="f7WWu3TOH0F/ogxPPYoIQiGcnYw=">AAACI3icbZDPSgMxEMaz9V+tVVs9egkWwVPZFUGPRS9ehAq2FbqlZLPTNjTJLklWLWGfwKs+gk/jTbx48F1Maw/aOhD48X0zzOSLUs608f1Pr7Cyura+UdwsbZW3d3Yr1b22TjJFoUUTnqi7iGjgTELLMMPhLlVARMShE40vp37nHpRmibw1kxR6ggwlGzBKjJNuHvuVml/3Z4WXIZhDDc2r2a965TBOaCZAGsqJ1t3AT03PEmUY5ZCXwkxDSuiYDKHrUBIBumdnl+b4yCkxHiTKPWnwTP09YYnQeiIi1ymIGelFbyr+53UzMzjvWSbTzICkP4sGGccmwdNv45gpoIZPHBCqmLsV0xFRhBoXTimU8EATIYiMbRjHuQ2nG5SwcZ7/NUXKc3vdt6ES2GHu8gsW01qG9kk9cHxzWmtczJMsogN0iI5RgM5QA12hJmohigA9oWf04r16b9679/HTWvDmM/voT3lf353hpTg=</latexit><latexit sha1_base64="f7WWu3TOH0F/ogxPPYoIQiGcnYw=">AAACI3icbZDPSgMxEMaz9V+tVVs9egkWwVPZFUGPRS9ehAq2FbqlZLPTNjTJLklWLWGfwKs+gk/jTbx48F1Maw/aOhD48X0zzOSLUs608f1Pr7Cyura+UdwsbZW3d3Yr1b22TjJFoUUTnqi7iGjgTELLMMPhLlVARMShE40vp37nHpRmibw1kxR6ggwlGzBKjJNuHvuVml/3Z4WXIZhDDc2r2a965TBOaCZAGsqJ1t3AT03PEmUY5ZCXwkxDSuiYDKHrUBIBumdnl+b4yCkxHiTKPWnwTP09YYnQeiIi1ymIGelFbyr+53UzMzjvWSbTzICkP4sGGccmwdNv45gpoIZPHBCqmLsV0xFRhBoXTimU8EATIYiMbRjHuQ2nG5SwcZ7/NUXKc3vdt6ES2GHu8gsW01qG9kk9cHxzWmtczJMsogN0iI5RgM5QA12hJmohigA9oWf04r16b9679/HTWvDmM/voT3lf353hpTg=</latexit><latexit sha1_base64="f7WWu3TOH0F/ogxPPYoIQiGcnYw=">AAACI3icbZDPSgMxEMaz9V+tVVs9egkWwVPZFUGPRS9ehAq2FbqlZLPTNjTJLklWLWGfwKs+gk/jTbx48F1Maw/aOhD48X0zzOSLUs608f1Pr7Cyura+UdwsbZW3d3Yr1b22TjJFoUUTnqi7iGjgTELLMMPhLlVARMShE40vp37nHpRmibw1kxR6ggwlGzBKjJNuHvuVml/3Z4WXIZhDDc2r2a965TBOaCZAGsqJ1t3AT03PEmUY5ZCXwkxDSuiYDKHrUBIBumdnl+b4yCkxHiTKPWnwTP09YYnQeiIi1ymIGelFbyr+53UzMzjvWSbTzICkP4sGGccmwdNv45gpoIZPHBCqmLsV0xFRhBoXTimU8EATIYiMbRjHuQ2nG5SwcZ7/NUXKc3vdt6ES2GHu8gsW01qG9kk9cHxzWmtczJMsogN0iI5RgM5QA12hJmohigA9oWf04r16b9679/HTWvDmM/voT3lf353hpTg=</latexit><latexit sha1_base64="f7WWu3TOH0F/ogxPPYoIQiGcnYw=">AAACI3icbZDPSgMxEMaz9V+tVVs9egkWwVPZFUGPRS9ehAq2FbqlZLPTNjTJLklWLWGfwKs+gk/jTbx48F1Maw/aOhD48X0zzOSLUs608f1Pr7Cyura+UdwsbZW3d3Yr1b22TjJFoUUTnqi7iGjgTELLMMPhLlVARMShE40vp37nHpRmibw1kxR6ggwlGzBKjJNuHvuVml/3Z4WXIZhDDc2r2a965TBOaCZAGsqJ1t3AT03PEmUY5ZCXwkxDSuiYDKHrUBIBumdnl+b4yCkxHiTKPWnwTP09YYnQeiIi1ymIGelFbyr+53UzMzjvWSbTzICkP4sGGccmwdNv45gpoIZPHBCqmLsV0xFRhBoXTimU8EATIYiMbRjHuQ2nG5SwcZ7/NUXKc3vdt6ES2GHu8gsW01qG9kk9cHxzWmtczJMsogN0iI5RgM5QA12hJmohigA9oWf04r16b9679/HTWvDmM/voT3lf353hpTg=</latexit>

a(t1)
<latexit sha1_base64="IyXq2drsH23vInQWvGA657Zd9EI=">AAACKXicbZDLSgMxFIYz9VZr1VaXboJFqJsyI4Iui27cCBXsBTrDkMmkbWiSGZKMUsI8hFt9BJ/Gnbr1RUwvC9t6IPDx/+dwTv4oZVRp1/1yChubW9s7xd3SXnn/4LBSPeqoJJOYtHHCEtmLkCKMCtLWVDPSSyVBPGKkG41vp373iUhFE/GoJykJOBoKOqAYaSt1UV2H3jkMKzW34c4KroO3gBpYVCusOmU/TnDGidCYIaX6npvqwCCpKWYkL/mZIinCYzQkfYsCcaICM7s3h2dWieEgkfYJDWfq3wmDuFITHtlOjvRIrXpT8T+vn+nBdWCoSDNNBJ4vGmQM6gROPw9jKgnWbGIBYUntrRCPkERY24hKviDPOOEcidj4cZwbf7pBchPn+bLJU5ab+9D4kkOLuc3PW01rHToXDc/yw2WtebNIsghOwCmoAw9cgSa4Ay3QBhiMwQt4BW/Ou/PhfDrf89aCs5g5Bkvl/PwC5o6m0g==</latexit><latexit sha1_base64="IyXq2drsH23vInQWvGA657Zd9EI=">AAACKXicbZDLSgMxFIYz9VZr1VaXboJFqJsyI4Iui27cCBXsBTrDkMmkbWiSGZKMUsI8hFt9BJ/Gnbr1RUwvC9t6IPDx/+dwTv4oZVRp1/1yChubW9s7xd3SXnn/4LBSPeqoJJOYtHHCEtmLkCKMCtLWVDPSSyVBPGKkG41vp373iUhFE/GoJykJOBoKOqAYaSt1UV2H3jkMKzW34c4KroO3gBpYVCusOmU/TnDGidCYIaX6npvqwCCpKWYkL/mZIinCYzQkfYsCcaICM7s3h2dWieEgkfYJDWfq3wmDuFITHtlOjvRIrXpT8T+vn+nBdWCoSDNNBJ4vGmQM6gROPw9jKgnWbGIBYUntrRCPkERY24hKviDPOOEcidj4cZwbf7pBchPn+bLJU5ab+9D4kkOLuc3PW01rHToXDc/yw2WtebNIsghOwCmoAw9cgSa4Ay3QBhiMwQt4BW/Ou/PhfDrf89aCs5g5Bkvl/PwC5o6m0g==</latexit><latexit sha1_base64="IyXq2drsH23vInQWvGA657Zd9EI=">AAACKXicbZDLSgMxFIYz9VZr1VaXboJFqJsyI4Iui27cCBXsBTrDkMmkbWiSGZKMUsI8hFt9BJ/Gnbr1RUwvC9t6IPDx/+dwTv4oZVRp1/1yChubW9s7xd3SXnn/4LBSPeqoJJOYtHHCEtmLkCKMCtLWVDPSSyVBPGKkG41vp373iUhFE/GoJykJOBoKOqAYaSt1UV2H3jkMKzW34c4KroO3gBpYVCusOmU/TnDGidCYIaX6npvqwCCpKWYkL/mZIinCYzQkfYsCcaICM7s3h2dWieEgkfYJDWfq3wmDuFITHtlOjvRIrXpT8T+vn+nBdWCoSDNNBJ4vGmQM6gROPw9jKgnWbGIBYUntrRCPkERY24hKviDPOOEcidj4cZwbf7pBchPn+bLJU5ab+9D4kkOLuc3PW01rHToXDc/yw2WtebNIsghOwCmoAw9cgSa4Ay3QBhiMwQt4BW/Ou/PhfDrf89aCs5g5Bkvl/PwC5o6m0g==</latexit><latexit sha1_base64="IyXq2drsH23vInQWvGA657Zd9EI=">AAACKXicbZDLSgMxFIYz9VZr1VaXboJFqJsyI4Iui27cCBXsBTrDkMmkbWiSGZKMUsI8hFt9BJ/Gnbr1RUwvC9t6IPDx/+dwTv4oZVRp1/1yChubW9s7xd3SXnn/4LBSPeqoJJOYtHHCEtmLkCKMCtLWVDPSSyVBPGKkG41vp373iUhFE/GoJykJOBoKOqAYaSt1UV2H3jkMKzW34c4KroO3gBpYVCusOmU/TnDGidCYIaX6npvqwCCpKWYkL/mZIinCYzQkfYsCcaICM7s3h2dWieEgkfYJDWfq3wmDuFITHtlOjvRIrXpT8T+vn+nBdWCoSDNNBJ4vGmQM6gROPw9jKgnWbGIBYUntrRCPkERY24hKviDPOOEcidj4cZwbf7pBchPn+bLJU5ab+9D4kkOLuc3PW01rHToXDc/yw2WtebNIsghOwCmoAw9cgSa4Ay3QBhiMwQt4BW/Ou/PhfDrf89aCs5g5Bkvl/PwC5o6m0g==</latexit>

y
<latexit sha1_base64="4gtZXIHx4i6EL9gKoO+yZlTMECA=">AAACI3icbZDLSsQwFIZT7453XboJDoIraUXQpejGjTADzihMy5CmpxrMpSSpUkKfwK0+gk/jTty48F1MZ2bh7UDg4//P4Zz8acGZsWH4EUxNz8zOzS8stpaWV1bX1jc2+0aVmkKPKq70dUoMcCahZ5nlcF1oICLlcJXenTX+1T1ow5S8tFUBiSA3kuWMEuulbjVcb4f74ajwX4gm0EaT6gw3guU4U7QUIC3lxJhBFBY2cURbRjnUrbg0UBB6R25g4FESASZxo0trvOuVDOdK+yctHqnfJxwRxlQi9Z2C2Fvz22vE/7xBafPjxDFZlBYkHS/KS46tws23ccY0UMsrD4Rq5m/F9JZoQq0PpxVLeKBKCCIzF2dZ7eJmgxYuq+ufpih47S6GLtYCe6x9ftHvtP5C/2A/8tw9bJ+cTpJcQNtoB+2hCB2hE3SOOqiHKAL0iJ7Qc/ASvAZvwfu4dSqYzGyhHxV8fgGfoKU5</latexit><latexit sha1_base64="4gtZXIHx4i6EL9gKoO+yZlTMECA=">AAACI3icbZDLSsQwFIZT7453XboJDoIraUXQpejGjTADzihMy5CmpxrMpSSpUkKfwK0+gk/jTty48F1MZ2bh7UDg4//P4Zz8acGZsWH4EUxNz8zOzS8stpaWV1bX1jc2+0aVmkKPKq70dUoMcCahZ5nlcF1oICLlcJXenTX+1T1ow5S8tFUBiSA3kuWMEuulbjVcb4f74ajwX4gm0EaT6gw3guU4U7QUIC3lxJhBFBY2cURbRjnUrbg0UBB6R25g4FESASZxo0trvOuVDOdK+yctHqnfJxwRxlQi9Z2C2Fvz22vE/7xBafPjxDFZlBYkHS/KS46tws23ccY0UMsrD4Rq5m/F9JZoQq0PpxVLeKBKCCIzF2dZ7eJmgxYuq+ufpih47S6GLtYCe6x9ftHvtP5C/2A/8tw9bJ+cTpJcQNtoB+2hCB2hE3SOOqiHKAL0iJ7Qc/ASvAZvwfu4dSqYzGyhHxV8fgGfoKU5</latexit><latexit sha1_base64="4gtZXIHx4i6EL9gKoO+yZlTMECA=">AAACI3icbZDLSsQwFIZT7453XboJDoIraUXQpejGjTADzihMy5CmpxrMpSSpUkKfwK0+gk/jTty48F1MZ2bh7UDg4//P4Zz8acGZsWH4EUxNz8zOzS8stpaWV1bX1jc2+0aVmkKPKq70dUoMcCahZ5nlcF1oICLlcJXenTX+1T1ow5S8tFUBiSA3kuWMEuulbjVcb4f74ajwX4gm0EaT6gw3guU4U7QUIC3lxJhBFBY2cURbRjnUrbg0UBB6R25g4FESASZxo0trvOuVDOdK+yctHqnfJxwRxlQi9Z2C2Fvz22vE/7xBafPjxDFZlBYkHS/KS46tws23ccY0UMsrD4Rq5m/F9JZoQq0PpxVLeKBKCCIzF2dZ7eJmgxYuq+ufpih47S6GLtYCe6x9ftHvtP5C/2A/8tw9bJ+cTpJcQNtoB+2hCB2hE3SOOqiHKAL0iJ7Qc/ASvAZvwfu4dSqYzGyhHxV8fgGfoKU5</latexit><latexit sha1_base64="4gtZXIHx4i6EL9gKoO+yZlTMECA=">AAACI3icbZDLSsQwFIZT7453XboJDoIraUXQpejGjTADzihMy5CmpxrMpSSpUkKfwK0+gk/jTty48F1MZ2bh7UDg4//P4Zz8acGZsWH4EUxNz8zOzS8stpaWV1bX1jc2+0aVmkKPKq70dUoMcCahZ5nlcF1oICLlcJXenTX+1T1ow5S8tFUBiSA3kuWMEuulbjVcb4f74ajwX4gm0EaT6gw3guU4U7QUIC3lxJhBFBY2cURbRjnUrbg0UBB6R25g4FESASZxo0trvOuVDOdK+yctHqnfJxwRxlQi9Z2C2Fvz22vE/7xBafPjxDFZlBYkHS/KS46tws23ccY0UMsrD4Rq5m/F9JZoQq0PpxVLeKBKCCIzF2dZ7eJmgxYuq+ufpih47S6GLtYCe6x9ftHvtP5C/2A/8tw9bJ+cTpJcQNtoB+2hCB2hE3SOOqiHKAL0iJ7Qc/ASvAZvwfu4dSqYzGyhHxV8fgGfoKU5</latexit>

y
<latexit sha1_base64="4gtZXIHx4i6EL9gKoO+yZlTMECA=">AAACI3icbZDLSsQwFIZT7453XboJDoIraUXQpejGjTADzihMy5CmpxrMpSSpUkKfwK0+gk/jTty48F1MZ2bh7UDg4//P4Zz8acGZsWH4EUxNz8zOzS8stpaWV1bX1jc2+0aVmkKPKq70dUoMcCahZ5nlcF1oICLlcJXenTX+1T1ow5S8tFUBiSA3kuWMEuulbjVcb4f74ajwX4gm0EaT6gw3guU4U7QUIC3lxJhBFBY2cURbRjnUrbg0UBB6R25g4FESASZxo0trvOuVDOdK+yctHqnfJxwRxlQi9Z2C2Fvz22vE/7xBafPjxDFZlBYkHS/KS46tws23ccY0UMsrD4Rq5m/F9JZoQq0PpxVLeKBKCCIzF2dZ7eJmgxYuq+ufpih47S6GLtYCe6x9ftHvtP5C/2A/8tw9bJ+cTpJcQNtoB+2hCB2hE3SOOqiHKAL0iJ7Qc/ASvAZvwfu4dSqYzGyhHxV8fgGfoKU5</latexit><latexit sha1_base64="4gtZXIHx4i6EL9gKoO+yZlTMECA=">AAACI3icbZDLSsQwFIZT7453XboJDoIraUXQpejGjTADzihMy5CmpxrMpSSpUkKfwK0+gk/jTty48F1MZ2bh7UDg4//P4Zz8acGZsWH4EUxNz8zOzS8stpaWV1bX1jc2+0aVmkKPKq70dUoMcCahZ5nlcF1oICLlcJXenTX+1T1ow5S8tFUBiSA3kuWMEuulbjVcb4f74ajwX4gm0EaT6gw3guU4U7QUIC3lxJhBFBY2cURbRjnUrbg0UBB6R25g4FESASZxo0trvOuVDOdK+yctHqnfJxwRxlQi9Z2C2Fvz22vE/7xBafPjxDFZlBYkHS/KS46tws23ccY0UMsrD4Rq5m/F9JZoQq0PpxVLeKBKCCIzF2dZ7eJmgxYuq+ufpih47S6GLtYCe6x9ftHvtP5C/2A/8tw9bJ+cTpJcQNtoB+2hCB2hE3SOOqiHKAL0iJ7Qc/ASvAZvwfu4dSqYzGyhHxV8fgGfoKU5</latexit><latexit sha1_base64="4gtZXIHx4i6EL9gKoO+yZlTMECA=">AAACI3icbZDLSsQwFIZT7453XboJDoIraUXQpejGjTADzihMy5CmpxrMpSSpUkKfwK0+gk/jTty48F1MZ2bh7UDg4//P4Zz8acGZsWH4EUxNz8zOzS8stpaWV1bX1jc2+0aVmkKPKq70dUoMcCahZ5nlcF1oICLlcJXenTX+1T1ow5S8tFUBiSA3kuWMEuulbjVcb4f74ajwX4gm0EaT6gw3guU4U7QUIC3lxJhBFBY2cURbRjnUrbg0UBB6R25g4FESASZxo0trvOuVDOdK+yctHqnfJxwRxlQi9Z2C2Fvz22vE/7xBafPjxDFZlBYkHS/KS46tws23ccY0UMsrD4Rq5m/F9JZoQq0PpxVLeKBKCCIzF2dZ7eJmgxYuq+ufpih47S6GLtYCe6x9ftHvtP5C/2A/8tw9bJ+cTpJcQNtoB+2hCB2hE3SOOqiHKAL0iJ7Qc/ASvAZvwfu4dSqYzGyhHxV8fgGfoKU5</latexit><latexit sha1_base64="4gtZXIHx4i6EL9gKoO+yZlTMECA=">AAACI3icbZDLSsQwFIZT7453XboJDoIraUXQpejGjTADzihMy5CmpxrMpSSpUkKfwK0+gk/jTty48F1MZ2bh7UDg4//P4Zz8acGZsWH4EUxNz8zOzS8stpaWV1bX1jc2+0aVmkKPKq70dUoMcCahZ5nlcF1oICLlcJXenTX+1T1ow5S8tFUBiSA3kuWMEuulbjVcb4f74ajwX4gm0EaT6gw3guU4U7QUIC3lxJhBFBY2cURbRjnUrbg0UBB6R25g4FESASZxo0trvOuVDOdK+yctHqnfJxwRxlQi9Z2C2Fvz22vE/7xBafPjxDFZlBYkHS/KS46tws23ccY0UMsrD4Rq5m/F9JZoQq0PpxVLeKBKCCIzF2dZ7eJmgxYuq+ufpih47S6GLtYCe6x9ftHvtP5C/2A/8tw9bJ+cTpJcQNtoB+2hCB2hE3SOOqiHKAL0iJ7Qc/ASvAZvwfu4dSqYzGyhHxV8fgGfoKU5</latexit>

a(t2)
<latexit sha1_base64="kG7eZuIkQ1wC5QOlKGtUxiARs/M=">AAACKXicbZDNSgMxFIUz/tZatdWlm2AR6qbMFEGXRTduhAr2BzpDyWTSNjTJDElGKWEewq0+gk/jTt36IqbtLGzrhcDHOfdyb06YMKq06345G5tb2zu7hb3ifung8KhcOe6oOJWYtHHMYtkLkSKMCtLWVDPSSyRBPGSkG05uZ373iUhFY/GopwkJOBoJOqQYaSt1UU0PGhdwUK66dXdecB28HKogr9ag4pT8KMYpJ0JjhpTqe26iA4OkppiRrOiniiQIT9CI9C0KxIkKzPzeDJ5bJYLDWNonNJyrfycM4kpNeWg7OdJjterNxP+8fqqH14GhIkk1EXixaJgyqGM4+zyMqCRYs6kFhCW1t0I8RhJhbSMq+oI845hzJCLjR1Fm/NkGyU2UZcsmT1hm7gfGlxxazGx+3mpa69Bp1D3LD5fV5k2eZAGcgjNQAx64Ak1wB1qgDTCYgBfwCt6cd+fD+XS+F60bTj5zApbK+fkF6E+m0w==</latexit><latexit sha1_base64="kG7eZuIkQ1wC5QOlKGtUxiARs/M=">AAACKXicbZDNSgMxFIUz/tZatdWlm2AR6qbMFEGXRTduhAr2BzpDyWTSNjTJDElGKWEewq0+gk/jTt36IqbtLGzrhcDHOfdyb06YMKq06345G5tb2zu7hb3ifung8KhcOe6oOJWYtHHMYtkLkSKMCtLWVDPSSyRBPGSkG05uZ373iUhFY/GopwkJOBoJOqQYaSt1UU0PGhdwUK66dXdecB28HKogr9ag4pT8KMYpJ0JjhpTqe26iA4OkppiRrOiniiQIT9CI9C0KxIkKzPzeDJ5bJYLDWNonNJyrfycM4kpNeWg7OdJjterNxP+8fqqH14GhIkk1EXixaJgyqGM4+zyMqCRYs6kFhCW1t0I8RhJhbSMq+oI845hzJCLjR1Fm/NkGyU2UZcsmT1hm7gfGlxxazGx+3mpa69Bp1D3LD5fV5k2eZAGcgjNQAx64Ak1wB1qgDTCYgBfwCt6cd+fD+XS+F60bTj5zApbK+fkF6E+m0w==</latexit><latexit sha1_base64="kG7eZuIkQ1wC5QOlKGtUxiARs/M=">AAACKXicbZDNSgMxFIUz/tZatdWlm2AR6qbMFEGXRTduhAr2BzpDyWTSNjTJDElGKWEewq0+gk/jTt36IqbtLGzrhcDHOfdyb06YMKq06345G5tb2zu7hb3ifung8KhcOe6oOJWYtHHMYtkLkSKMCtLWVDPSSyRBPGSkG05uZ373iUhFY/GopwkJOBoJOqQYaSt1UU0PGhdwUK66dXdecB28HKogr9ag4pT8KMYpJ0JjhpTqe26iA4OkppiRrOiniiQIT9CI9C0KxIkKzPzeDJ5bJYLDWNonNJyrfycM4kpNeWg7OdJjterNxP+8fqqH14GhIkk1EXixaJgyqGM4+zyMqCRYs6kFhCW1t0I8RhJhbSMq+oI845hzJCLjR1Fm/NkGyU2UZcsmT1hm7gfGlxxazGx+3mpa69Bp1D3LD5fV5k2eZAGcgjNQAx64Ak1wB1qgDTCYgBfwCt6cd+fD+XS+F60bTj5zApbK+fkF6E+m0w==</latexit><latexit sha1_base64="kG7eZuIkQ1wC5QOlKGtUxiARs/M=">AAACKXicbZDNSgMxFIUz/tZatdWlm2AR6qbMFEGXRTduhAr2BzpDyWTSNjTJDElGKWEewq0+gk/jTt36IqbtLGzrhcDHOfdyb06YMKq06345G5tb2zu7hb3ifung8KhcOe6oOJWYtHHMYtkLkSKMCtLWVDPSSyRBPGSkG05uZ373iUhFY/GopwkJOBoJOqQYaSt1UU0PGhdwUK66dXdecB28HKogr9ag4pT8KMYpJ0JjhpTqe26iA4OkppiRrOiniiQIT9CI9C0KxIkKzPzeDJ5bJYLDWNonNJyrfycM4kpNeWg7OdJjterNxP+8fqqH14GhIkk1EXixaJgyqGM4+zyMqCRYs6kFhCW1t0I8RhJhbSMq+oI845hzJCLjR1Fm/NkGyU2UZcsmT1hm7gfGlxxazGx+3mpa69Bp1D3LD5fV5k2eZAGcgjNQAx64Ak1wB1qgDTCYgBfwCt6cd+fD+XS+F60bTj5zApbK+fkF6E+m0w==</latexit>

t = t2 > t1
<latexit sha1_base64="lC2WmNgVnqzrGzu0om0Hugb99NI=">AAACK3icbZDNSgMxFIUz9a/WqlWXboJFcFVmiqAbRXTjRqhgrdIpQyaTtqFJZkjuKCXMU7jVR/BpXClufQ/T2oV/FwIf59zLvTlxJrgB33/1SnPzC4tL5eXKSnV1bb22sXlt0lxT1qapSPVNTAwTXLE2cBDsJtOMyFiwTjw6m/idO6YNT9UVjDPWk2SgeJ9TAk66hSOImscQBVGt7jf8aeG/EMygjmbVija8apikNJdMARXEmG7gZ9CzRAOnghWVMDcsI3REBqzrUBHJTM9OLy7wrlMS3E+1ewrwVP0+YYk0Zixj1ykJDM1vbyL+53Vz6B/2LFdZDkzRr0X9XGBI8eT7OOGaURBjB4Rq7m7FdEg0oeBCqoSK3dNUSqISGyZJYcPJBi1tUhQ/TZmJwl5ENtQSOyxcfsHvtP7CdbMROL7cr5+czpIso220g/ZQgA7QCTpHLdRGFEn0gB7Rk/fsvXhv3vtXa8mbzWyhH+V9fAIxkqgI</latexit><latexit sha1_base64="lC2WmNgVnqzrGzu0om0Hugb99NI=">AAACK3icbZDNSgMxFIUz9a/WqlWXboJFcFVmiqAbRXTjRqhgrdIpQyaTtqFJZkjuKCXMU7jVR/BpXClufQ/T2oV/FwIf59zLvTlxJrgB33/1SnPzC4tL5eXKSnV1bb22sXlt0lxT1qapSPVNTAwTXLE2cBDsJtOMyFiwTjw6m/idO6YNT9UVjDPWk2SgeJ9TAk66hSOImscQBVGt7jf8aeG/EMygjmbVija8apikNJdMARXEmG7gZ9CzRAOnghWVMDcsI3REBqzrUBHJTM9OLy7wrlMS3E+1ewrwVP0+YYk0Zixj1ykJDM1vbyL+53Vz6B/2LFdZDkzRr0X9XGBI8eT7OOGaURBjB4Rq7m7FdEg0oeBCqoSK3dNUSqISGyZJYcPJBi1tUhQ/TZmJwl5ENtQSOyxcfsHvtP7CdbMROL7cr5+czpIso220g/ZQgA7QCTpHLdRGFEn0gB7Rk/fsvXhv3vtXa8mbzWyhH+V9fAIxkqgI</latexit><latexit sha1_base64="lC2WmNgVnqzrGzu0om0Hugb99NI=">AAACK3icbZDNSgMxFIUz9a/WqlWXboJFcFVmiqAbRXTjRqhgrdIpQyaTtqFJZkjuKCXMU7jVR/BpXClufQ/T2oV/FwIf59zLvTlxJrgB33/1SnPzC4tL5eXKSnV1bb22sXlt0lxT1qapSPVNTAwTXLE2cBDsJtOMyFiwTjw6m/idO6YNT9UVjDPWk2SgeJ9TAk66hSOImscQBVGt7jf8aeG/EMygjmbVija8apikNJdMARXEmG7gZ9CzRAOnghWVMDcsI3REBqzrUBHJTM9OLy7wrlMS3E+1ewrwVP0+YYk0Zixj1ykJDM1vbyL+53Vz6B/2LFdZDkzRr0X9XGBI8eT7OOGaURBjB4Rq7m7FdEg0oeBCqoSK3dNUSqISGyZJYcPJBi1tUhQ/TZmJwl5ENtQSOyxcfsHvtP7CdbMROL7cr5+czpIso220g/ZQgA7QCTpHLdRGFEn0gB7Rk/fsvXhv3vtXa8mbzWyhH+V9fAIxkqgI</latexit><latexit sha1_base64="lC2WmNgVnqzrGzu0om0Hugb99NI=">AAACK3icbZDNSgMxFIUz9a/WqlWXboJFcFVmiqAbRXTjRqhgrdIpQyaTtqFJZkjuKCXMU7jVR/BpXClufQ/T2oV/FwIf59zLvTlxJrgB33/1SnPzC4tL5eXKSnV1bb22sXlt0lxT1qapSPVNTAwTXLE2cBDsJtOMyFiwTjw6m/idO6YNT9UVjDPWk2SgeJ9TAk66hSOImscQBVGt7jf8aeG/EMygjmbVija8apikNJdMARXEmG7gZ9CzRAOnghWVMDcsI3REBqzrUBHJTM9OLy7wrlMS3E+1ewrwVP0+YYk0Zixj1ykJDM1vbyL+53Vz6B/2LFdZDkzRr0X9XGBI8eT7OOGaURBjB4Rq7m7FdEg0oeBCqoSK3dNUSqISGyZJYcPJBi1tUhQ/TZmJwl5ENtQSOyxcfsHvtP7CdbMROL7cr5+czpIso220g/ZQgA7QCTpHLdRGFEn0gB7Rk/fsvXhv3vtXa8mbzWyhH+V9fAIxkqgI</latexit>

a(t2)
<latexit sha1_base64="kG7eZuIkQ1wC5QOlKGtUxiARs/M=">AAACKXicbZDNSgMxFIUz/tZatdWlm2AR6qbMFEGXRTduhAr2BzpDyWTSNjTJDElGKWEewq0+gk/jTt36IqbtLGzrhcDHOfdyb06YMKq06345G5tb2zu7hb3ifung8KhcOe6oOJWYtHHMYtkLkSKMCtLWVDPSSyRBPGSkG05uZ373iUhFY/GopwkJOBoJOqQYaSt1UU0PGhdwUK66dXdecB28HKogr9ag4pT8KMYpJ0JjhpTqe26iA4OkppiRrOiniiQIT9CI9C0KxIkKzPzeDJ5bJYLDWNonNJyrfycM4kpNeWg7OdJjterNxP+8fqqH14GhIkk1EXixaJgyqGM4+zyMqCRYs6kFhCW1t0I8RhJhbSMq+oI845hzJCLjR1Fm/NkGyU2UZcsmT1hm7gfGlxxazGx+3mpa69Bp1D3LD5fV5k2eZAGcgjNQAx64Ak1wB1qgDTCYgBfwCt6cd+fD+XS+F60bTj5zApbK+fkF6E+m0w==</latexit><latexit sha1_base64="kG7eZuIkQ1wC5QOlKGtUxiARs/M=">AAACKXicbZDNSgMxFIUz/tZatdWlm2AR6qbMFEGXRTduhAr2BzpDyWTSNjTJDElGKWEewq0+gk/jTt36IqbtLGzrhcDHOfdyb06YMKq06345G5tb2zu7hb3ifung8KhcOe6oOJWYtHHMYtkLkSKMCtLWVDPSSyRBPGSkG05uZ373iUhFY/GopwkJOBoJOqQYaSt1UU0PGhdwUK66dXdecB28HKogr9ag4pT8KMYpJ0JjhpTqe26iA4OkppiRrOiniiQIT9CI9C0KxIkKzPzeDJ5bJYLDWNonNJyrfycM4kpNeWg7OdJjterNxP+8fqqH14GhIkk1EXixaJgyqGM4+zyMqCRYs6kFhCW1t0I8RhJhbSMq+oI845hzJCLjR1Fm/NkGyU2UZcsmT1hm7gfGlxxazGx+3mpa69Bp1D3LD5fV5k2eZAGcgjNQAx64Ak1wB1qgDTCYgBfwCt6cd+fD+XS+F60bTj5zApbK+fkF6E+m0w==</latexit><latexit sha1_base64="kG7eZuIkQ1wC5QOlKGtUxiARs/M=">AAACKXicbZDNSgMxFIUz/tZatdWlm2AR6qbMFEGXRTduhAr2BzpDyWTSNjTJDElGKWEewq0+gk/jTt36IqbtLGzrhcDHOfdyb06YMKq06345G5tb2zu7hb3ifung8KhcOe6oOJWYtHHMYtkLkSKMCtLWVDPSSyRBPGSkG05uZ373iUhFY/GopwkJOBoJOqQYaSt1UU0PGhdwUK66dXdecB28HKogr9ag4pT8KMYpJ0JjhpTqe26iA4OkppiRrOiniiQIT9CI9C0KxIkKzPzeDJ5bJYLDWNonNJyrfycM4kpNeWg7OdJjterNxP+8fqqH14GhIkk1EXixaJgyqGM4+zyMqCRYs6kFhCW1t0I8RhJhbSMq+oI845hzJCLjR1Fm/NkGyU2UZcsmT1hm7gfGlxxazGx+3mpa69Bp1D3LD5fV5k2eZAGcgjNQAx64Ak1wB1qgDTCYgBfwCt6cd+fD+XS+F60bTj5zApbK+fkF6E+m0w==</latexit><latexit sha1_base64="kG7eZuIkQ1wC5QOlKGtUxiARs/M=">AAACKXicbZDNSgMxFIUz/tZatdWlm2AR6qbMFEGXRTduhAr2BzpDyWTSNjTJDElGKWEewq0+gk/jTt36IqbtLGzrhcDHOfdyb06YMKq06345G5tb2zu7hb3ifung8KhcOe6oOJWYtHHMYtkLkSKMCtLWVDPSSyRBPGSkG05uZ373iUhFY/GopwkJOBoJOqQYaSt1UU0PGhdwUK66dXdecB28HKogr9ag4pT8KMYpJ0JjhpTqe26iA4OkppiRrOiniiQIT9CI9C0KxIkKzPzeDJ5bJYLDWNonNJyrfycM4kpNeWg7OdJjterNxP+8fqqH14GhIkk1EXixaJgyqGM4+zyMqCRYs6kFhCW1t0I8RhJhbSMq+oI845hzJCLjR1Fm/NkGyU2UZcsmT1hm7gfGlxxazGx+3mpa69Bp1D3LD5fV5k2eZAGcgjNQAx64Ak1wB1qgDTCYgBfwCt6cd+fD+XS+F60bTj5zApbK+fkF6E+m0w==</latexit>

x
<latexit sha1_base64="f7WWu3TOH0F/ogxPPYoIQiGcnYw=">AAACI3icbZDPSgMxEMaz9V+tVVs9egkWwVPZFUGPRS9ehAq2FbqlZLPTNjTJLklWLWGfwKs+gk/jTbx48F1Maw/aOhD48X0zzOSLUs608f1Pr7Cyura+UdwsbZW3d3Yr1b22TjJFoUUTnqi7iGjgTELLMMPhLlVARMShE40vp37nHpRmibw1kxR6ggwlGzBKjJNuHvuVml/3Z4WXIZhDDc2r2a965TBOaCZAGsqJ1t3AT03PEmUY5ZCXwkxDSuiYDKHrUBIBumdnl+b4yCkxHiTKPWnwTP09YYnQeiIi1ymIGelFbyr+53UzMzjvWSbTzICkP4sGGccmwdNv45gpoIZPHBCqmLsV0xFRhBoXTimU8EATIYiMbRjHuQ2nG5SwcZ7/NUXKc3vdt6ES2GHu8gsW01qG9kk9cHxzWmtczJMsogN0iI5RgM5QA12hJmohigA9oWf04r16b9679/HTWvDmM/voT3lf353hpTg=</latexit><latexit sha1_base64="f7WWu3TOH0F/ogxPPYoIQiGcnYw=">AAACI3icbZDPSgMxEMaz9V+tVVs9egkWwVPZFUGPRS9ehAq2FbqlZLPTNjTJLklWLWGfwKs+gk/jTbx48F1Maw/aOhD48X0zzOSLUs608f1Pr7Cyura+UdwsbZW3d3Yr1b22TjJFoUUTnqi7iGjgTELLMMPhLlVARMShE40vp37nHpRmibw1kxR6ggwlGzBKjJNuHvuVml/3Z4WXIZhDDc2r2a965TBOaCZAGsqJ1t3AT03PEmUY5ZCXwkxDSuiYDKHrUBIBumdnl+b4yCkxHiTKPWnwTP09YYnQeiIi1ymIGelFbyr+53UzMzjvWSbTzICkP4sGGccmwdNv45gpoIZPHBCqmLsV0xFRhBoXTimU8EATIYiMbRjHuQ2nG5SwcZ7/NUXKc3vdt6ES2GHu8gsW01qG9kk9cHxzWmtczJMsogN0iI5RgM5QA12hJmohigA9oWf04r16b9679/HTWvDmM/voT3lf353hpTg=</latexit><latexit sha1_base64="f7WWu3TOH0F/ogxPPYoIQiGcnYw=">AAACI3icbZDPSgMxEMaz9V+tVVs9egkWwVPZFUGPRS9ehAq2FbqlZLPTNjTJLklWLWGfwKs+gk/jTbx48F1Maw/aOhD48X0zzOSLUs608f1Pr7Cyura+UdwsbZW3d3Yr1b22TjJFoUUTnqi7iGjgTELLMMPhLlVARMShE40vp37nHpRmibw1kxR6ggwlGzBKjJNuHvuVml/3Z4WXIZhDDc2r2a965TBOaCZAGsqJ1t3AT03PEmUY5ZCXwkxDSuiYDKHrUBIBumdnl+b4yCkxHiTKPWnwTP09YYnQeiIi1ymIGelFbyr+53UzMzjvWSbTzICkP4sGGccmwdNv45gpoIZPHBCqmLsV0xFRhBoXTimU8EATIYiMbRjHuQ2nG5SwcZ7/NUXKc3vdt6ES2GHu8gsW01qG9kk9cHxzWmtczJMsogN0iI5RgM5QA12hJmohigA9oWf04r16b9679/HTWvDmM/voT3lf353hpTg=</latexit><latexit sha1_base64="f7WWu3TOH0F/ogxPPYoIQiGcnYw=">AAACI3icbZDPSgMxEMaz9V+tVVs9egkWwVPZFUGPRS9ehAq2FbqlZLPTNjTJLklWLWGfwKs+gk/jTbx48F1Maw/aOhD48X0zzOSLUs608f1Pr7Cyura+UdwsbZW3d3Yr1b22TjJFoUUTnqi7iGjgTELLMMPhLlVARMShE40vp37nHpRmibw1kxR6ggwlGzBKjJNuHvuVml/3Z4WXIZhDDc2r2a965TBOaCZAGsqJ1t3AT03PEmUY5ZCXwkxDSuiYDKHrUBIBumdnl+b4yCkxHiTKPWnwTP09YYnQeiIi1ymIGelFbyr+53UzMzjvWSbTzICkP4sGGccmwdNv45gpoIZPHBCqmLsV0xFRhBoXTimU8EATIYiMbRjHuQ2nG5SwcZ7/NUXKc3vdt6ES2GHu8gsW01qG9kk9cHxzWmtczJMsogN0iI5RgM5QA12hJmohigA9oWf04r16b9679/HTWvDmM/voT3lf353hpTg=</latexit>



Cosmology 101
Friedmann equation: 3M2
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<latexit sha1_base64="d0DGxa+bt9hvfYZX/WckK9Jpo8M="></latexit><latexit sha1_base64="d0DGxa+bt9hvfYZX/WckK9Jpo8M="></latexit><latexit sha1_base64="d0DGxa+bt9hvfYZX/WckK9Jpo8M="></latexit><latexit sha1_base64="d0DGxa+bt9hvfYZX/WckK9Jpo8M="></latexit>

Acceleration equation:

density of particle species i
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<latexit sha1_base64="wu9ezN++gEyFbAgyJOVhV/7oQ6A="></latexit><latexit sha1_base64="wu9ezN++gEyFbAgyJOVhV/7oQ6A="></latexit><latexit sha1_base64="wu9ezN++gEyFbAgyJOVhV/7oQ6A="></latexit><latexit sha1_base64="wu9ezN++gEyFbAgyJOVhV/7oQ6A="></latexit>

pressure of particle species i



What stuff can we put in?

Equation of state: P = w⇢
<latexit sha1_base64="SyBirFyXVqpBPWO8ZautZdyPncE=">AAACKXicbZDLSgMxFIYz9VZr1VaXboJFcFVmRNCNUHTjRqhgL9ApJZNJ29BchiRjKWEewq0+gk/jTt36IqaXhW09EPj4/3M4J3+UMKqN7395uY3Nre2d/G5hr7h/cFgqHzW1TBUmDSyZVO0IacKoIA1DDSPtRBHEI0Za0ehu6reeidJUiiczSUiXo4GgfYqRcVKrfjMO1VD2ShW/6s8KrkOwgApYVL1X9ophLHHKiTCYIa07gZ+YrkXKUMxIVghTTRKER2hAOg4F4kR37ezeDJ45JYZ9qdwTBs7UvxMWca0nPHKdHJmhXvWm4n9eJzX9666lIkkNEXi+qJ8yaCScfh7GVBFs2MQBwoq6WyEeIoWwcREVQkHGWHKORGzDOM5sON2guI2zbNnkCcvsQ8+GikOHmcsvWE1rHZoX1cDx42WldrtIMg9OwCk4BwG4AjVwD+qgATAYgRfwCt68d+/D+/S+5605bzFzDJbK+/kFV+CnpQ==</latexit><latexit sha1_base64="SyBirFyXVqpBPWO8ZautZdyPncE=">AAACKXicbZDLSgMxFIYz9VZr1VaXboJFcFVmRNCNUHTjRqhgL9ApJZNJ29BchiRjKWEewq0+gk/jTt36IqaXhW09EPj4/3M4J3+UMKqN7395uY3Nre2d/G5hr7h/cFgqHzW1TBUmDSyZVO0IacKoIA1DDSPtRBHEI0Za0ehu6reeidJUiiczSUiXo4GgfYqRcVKrfjMO1VD2ShW/6s8KrkOwgApYVL1X9ophLHHKiTCYIa07gZ+YrkXKUMxIVghTTRKER2hAOg4F4kR37ezeDJ45JYZ9qdwTBs7UvxMWca0nPHKdHJmhXvWm4n9eJzX9666lIkkNEXi+qJ8yaCScfh7GVBFs2MQBwoq6WyEeIoWwcREVQkHGWHKORGzDOM5sON2guI2zbNnkCcvsQ8+GikOHmcsvWE1rHZoX1cDx42WldrtIMg9OwCk4BwG4AjVwD+qgATAYgRfwCt68d+/D+/S+5605bzFzDJbK+/kFV+CnpQ==</latexit><latexit sha1_base64="SyBirFyXVqpBPWO8ZautZdyPncE=">AAACKXicbZDLSgMxFIYz9VZr1VaXboJFcFVmRNCNUHTjRqhgL9ApJZNJ29BchiRjKWEewq0+gk/jTt36IqaXhW09EPj4/3M4J3+UMKqN7395uY3Nre2d/G5hr7h/cFgqHzW1TBUmDSyZVO0IacKoIA1DDSPtRBHEI0Za0ehu6reeidJUiiczSUiXo4GgfYqRcVKrfjMO1VD2ShW/6s8KrkOwgApYVL1X9ophLHHKiTCYIa07gZ+YrkXKUMxIVghTTRKER2hAOg4F4kR37ezeDJ45JYZ9qdwTBs7UvxMWca0nPHKdHJmhXvWm4n9eJzX9666lIkkNEXi+qJ8yaCScfh7GVBFs2MQBwoq6WyEeIoWwcREVQkHGWHKORGzDOM5sON2guI2zbNnkCcvsQ8+GikOHmcsvWE1rHZoX1cDx42WldrtIMg9OwCk4BwG4AjVwD+qgATAYgRfwCt68d+/D+/S+5605bzFzDJbK+/kFV+CnpQ==</latexit><latexit sha1_base64="SyBirFyXVqpBPWO8ZautZdyPncE=">AAACKXicbZDLSgMxFIYz9VZr1VaXboJFcFVmRNCNUHTjRqhgL9ApJZNJ29BchiRjKWEewq0+gk/jTt36IqaXhW09EPj4/3M4J3+UMKqN7395uY3Nre2d/G5hr7h/cFgqHzW1TBUmDSyZVO0IacKoIA1DDSPtRBHEI0Za0ehu6reeidJUiiczSUiXo4GgfYqRcVKrfjMO1VD2ShW/6s8KrkOwgApYVL1X9ophLHHKiTCYIa07gZ+YrkXKUMxIVghTTRKER2hAOg4F4kR37ezeDJ45JYZ9qdwTBs7UvxMWca0nPHKdHJmhXvWm4n9eJzX9666lIkkNEXi+qJ8yaCScfh7GVBFs2MQBwoq6WyEeIoWwcREVQkHGWHKORGzDOM5sON2guI2zbNnkCcvsQ8+GikOHmcsvWE1rHZoX1cDx42WldrtIMg9OwCk4BwG4AjVwD+qgATAYgRfwCt68d+/D+/S+5605bzFzDJbK+/kFV+CnpQ==</latexit>

Speed of sound: w = c2s =
@P

@⇢
= w

<latexit sha1_base64="jJ1UGXPPL1fWSPZ9ZnNIGlCMh4I="></latexit><latexit sha1_base64="jJ1UGXPPL1fWSPZ9ZnNIGlCMh4I="></latexit><latexit sha1_base64="jJ1UGXPPL1fWSPZ9ZnNIGlCMh4I="></latexit><latexit sha1_base64="jJ1UGXPPL1fWSPZ9ZnNIGlCMh4I="></latexit>

E.g.
• Matter/Dark matter — w=0 

• Radiation — w=1/3



What does this do?

Acceleration equation:
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a
= � 1

6M2
pl

X

i

(⇢i + 3Pi)
<latexit sha1_base64="wu9ezN++gEyFbAgyJOVhV/7oQ6A="></latexit><latexit sha1_base64="wu9ezN++gEyFbAgyJOVhV/7oQ6A="></latexit><latexit sha1_base64="wu9ezN++gEyFbAgyJOVhV/7oQ6A="></latexit><latexit sha1_base64="wu9ezN++gEyFbAgyJOVhV/7oQ6A="></latexit>

Equation of state: P = w⇢
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Deceleration unless w < �1/3 ) c2s < �1/3
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Why? Simple: gravity pulls things together!



Possible universes

Astro 101

Real universe



Dark energy is real
Dark energy — acceleration of the cosmic expansion



DE vs MG

Gµ⌫ = �⇤gµ⌫ + 8⇡GTµ⌫
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Cosmological constant 
(drives acceleration but fine-tuned) 

(DE: zero due to symmetry/dynamics)

Geometry 
MG: new terms/ DOF

Matter 
DE: new exotic matter 

(quintessence/ K-essence/…)

If your life doesn’t make sense, buy some Dark 
Energy and balance your equations. We won’t 
promise that the rest of the world will make any 
more sense, but at least you’ll have beer.



Cosmological scalars

Mass m, coupling            �

Friction Driving

‘Physics: the study of the harmonic oscillator’

�̈+ 3H�̇+m
2
�+ 8⇡�G⇢ = 0

Forcing (from MG)



Cosmological scalars

Friction Driving

�̈+ 3H�̇+m
2
�+ 8⇡�G⇢ = 0

Forcing (from MG)

Want:

m ⇠ H0

� � 1
(under-damped, field rolls today)

(MG non-negligible)



2) Why we need to screen



Yukawa forces

Strength of fifth-force

Force range � =
~c
m

↵ = 2�2

V (r) =
GM

r

⇥
1 + 2�2e�mr

⇤

r2�+m2� = 8⇡�G⇢

Cosmology: Mpc  �  105 Mpc

Structure 
Formation

Expansion



Yukawa forces
Cosmology

Adelberger et al ‘09

Ruled out by  
Shapiro time-delay 

(PPN in general)



This is why we need to screen

solar system astrophysics cosmology

screened partially screened unscreened

satisfy fifth-forces drive acceleration



3) Principles of screening



Where is the problem?

⇤�+m2� = 8⇡�G⇢
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Equation is linear:

�̈+ 3H�̇+m
2
�+ 8⇡�G⇢ = 0

cosmological oscillator

r2�+m2� = 8⇡�G⇢

solar system Yukawa

need non-linearities - scale dependence!



Where is the problem?

r2�+m2� = 8⇡�G⇢

Poisson part 
gives inverse-square law

mass term 
cosmology - needs to be small 

fifth-force needs to be big

source term 
cosmology - needs to be big 

fifth-force - needs to be small



Suggests solution

r2�+ F (@�, @2�, . . .) +m2�+ V (�) = 8⇡�(�)G⇢
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change kinetic term 
(non-inverse square) 
Vainshtein mechanism

Non-linear potential 
(environment-dependent mass) 

chameleon mechanism

non-linear coupling 
(environment-dependent source) 

symmetron mechanism



1) Chameleon mechanism



Action

scalar-tensor theory with coupling

choose 

fifth-force: F5 = �r�
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<latexit sha1_base64="jrm0RnNvGnXckQzk5B1lr5FX3bY=">AAACGXicbVDLSsNAFJ3UV62vqEs3g0WoCCWRgm6EohsXChXsA5q0TKaTduhkEmYmQgn5DTf+ihsXirjUlX/jpM1CWw8MHM45lzv3eBGjUlnWt1FYWl5ZXSuulzY2t7Z3zN29lgxjgUkThywUHQ9JwignTUUVI51IEBR4jLS98VXmtx+IkDTk92oSETdAQ059ipHSUt+0WhUnGtHjC8cXCCfOjR4doF5SO+Fpmtz2E0cEMGJpj2exHk/7ZtmqWlPARWLnpAxyNPrmpzMIcRwQrjBDUnZtK1JugoSimJG05MSSRAiP0ZB0NeUoINJNppel8EgrA+iHQj+u4FT9PZGgQMpJ4OlkgNRIznuZ+J/XjZV/7iaUR7EiHM8W+TGDKoRZTXBABcGKTTRBWFD9V4hHSFekdJklXYI9f/IiaZ1Wbc3vauX6ZV5HERyAQ1ABNjgDdXANGqAJMHgEz+AVvBlPxovxbnzMogUjn9kHf2B8/QC2DaDE</latexit><latexit sha1_base64="jrm0RnNvGnXckQzk5B1lr5FX3bY=">AAACGXicbVDLSsNAFJ3UV62vqEs3g0WoCCWRgm6EohsXChXsA5q0TKaTduhkEmYmQgn5DTf+ihsXirjUlX/jpM1CWw8MHM45lzv3eBGjUlnWt1FYWl5ZXSuulzY2t7Z3zN29lgxjgUkThywUHQ9JwignTUUVI51IEBR4jLS98VXmtx+IkDTk92oSETdAQ059ipHSUt+0WhUnGtHjC8cXCCfOjR4doF5SO+Fpmtz2E0cEMGJpj2exHk/7ZtmqWlPARWLnpAxyNPrmpzMIcRwQrjBDUnZtK1JugoSimJG05MSSRAiP0ZB0NeUoINJNppel8EgrA+iHQj+u4FT9PZGgQMpJ4OlkgNRIznuZ+J/XjZV/7iaUR7EiHM8W+TGDKoRZTXBABcGKTTRBWFD9V4hHSFekdJklXYI9f/IiaZ1Wbc3vauX6ZV5HERyAQ1ABNjgDdXANGqAJMHgEz+AVvBlPxovxbnzMogUjn9kHf2B8/QC2DaDE</latexit><latexit sha1_base64="jrm0RnNvGnXckQzk5B1lr5FX3bY=">AAACGXicbVDLSsNAFJ3UV62vqEs3g0WoCCWRgm6EohsXChXsA5q0TKaTduhkEmYmQgn5DTf+ihsXirjUlX/jpM1CWw8MHM45lzv3eBGjUlnWt1FYWl5ZXSuulzY2t7Z3zN29lgxjgUkThywUHQ9JwignTUUVI51IEBR4jLS98VXmtx+IkDTk92oSETdAQ059ipHSUt+0WhUnGtHjC8cXCCfOjR4doF5SO+Fpmtz2E0cEMGJpj2exHk/7ZtmqWlPARWLnpAxyNPrmpzMIcRwQrjBDUnZtK1JugoSimJG05MSSRAiP0ZB0NeUoINJNppel8EgrA+iHQj+u4FT9PZGgQMpJ4OlkgNRIznuZ+J/XjZV/7iaUR7EiHM8W+TGDKoRZTXBABcGKTTRBWFD9V4hHSFekdJklXYI9f/IiaZ1Wbc3vauX6ZV5HERyAQ1ABNjgDdXANGqAJMHgEz+AVvBlPxovxbnzMogUjn9kHf2B8/QC2DaDE</latexit><latexit sha1_base64="jrm0RnNvGnXckQzk5B1lr5FX3bY=">AAACGXicbVDLSsNAFJ3UV62vqEs3g0WoCCWRgm6EohsXChXsA5q0TKaTduhkEmYmQgn5DTf+ihsXirjUlX/jpM1CWw8MHM45lzv3eBGjUlnWt1FYWl5ZXSuulzY2t7Z3zN29lgxjgUkThywUHQ9JwignTUUVI51IEBR4jLS98VXmtx+IkDTk92oSETdAQ059ipHSUt+0WhUnGtHjC8cXCCfOjR4doF5SO+Fpmtz2E0cEMGJpj2exHk/7ZtmqWlPARWLnpAxyNPrmpzMIcRwQrjBDUnZtK1JugoSimJG05MSSRAiP0ZB0NeUoINJNppel8EgrA+iHQj+u4FT9PZGgQMpJ4OlkgNRIznuZ+J/XjZV/7iaUR7EiHM8W+TGDKoRZTXBABcGKTTRBWFD9V4hHSFekdJklXYI9f/IiaZ1Wbc3vauX6ZV5HERyAQ1ABNjgDdXANGqAJMHgEz+AVvBlPxovxbnzMogUjn9kHf2B8/QC2DaDE</latexit>



Effective potential
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<latexit sha1_base64="QBXYs3r0h/S4XEZgok/KQlbGJDo="></latexit><latexit sha1_base64="QBXYs3r0h/S4XEZgok/KQlbGJDo="></latexit><latexit sha1_base64="QBXYs3r0h/S4XEZgok/KQlbGJDo="></latexit><latexit sha1_base64="QBXYs3r0h/S4XEZgok/KQlbGJDo="></latexit>

r2� =
dVe↵

d�
<latexit sha1_base64="MVXWrk9ws4c/NpJ0ICG8CRPY2MI="></latexit><latexit sha1_base64="MVXWrk9ws4c/NpJ0ICG8CRPY2MI="></latexit><latexit sha1_base64="MVXWrk9ws4c/NpJ0ICG8CRPY2MI="></latexit><latexit sha1_base64="MVXWrk9ws4c/NpJ0ICG8CRPY2MI="></latexit>



Environment-dependent mass

f

VHfL

f
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e↵ = V 00
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<latexit sha1_base64="Me1s9V7+tzZqMS2Os+yvU6zYM24="></latexit><latexit sha1_base64="Me1s9V7+tzZqMS2Os+yvU6zYM24="></latexit><latexit sha1_base64="Me1s9V7+tzZqMS2Os+yvU6zYM24="></latexit><latexit sha1_base64="Me1s9V7+tzZqMS2Os+yvU6zYM24="></latexit>

⇢
<latexit sha1_base64="c8i6xEQy9TmUKhe9mTVPTpOsClc=">AAACJnicbZDLSgMxFIYz9VZr1VaXboJFcFVmRNBl0Y0boYK9QKeUTCZtQ3MZkoxSwryCW30En8adiDsfxUzbhW09EPj4/3M4J3+UMKqN7397hY3Nre2d4m5pr7x/cFipHrW1TBUmLSyZVN0IacKoIC1DDSPdRBHEI0Y60eQ29ztPRGkqxaOZJqTP0UjQIcXI5FKoxnJQqfl1f1ZwHYIF1MCimoOqVw5jiVNOhMEMad0L/MT0LVKGYkayUphqkiA8QSPScygQJ7pvZ8dm8MwpMRxK5Z4wcKb+nbCIaz3lkevkyIz1qpeL/3m91Ayv+5aKJDVE4PmiYcqgkTD/OYypItiwqQOEFXW3QjxGCmHj8imFgjxjyTkSsQ3jOLNhvkFxG2fZsskTltn7gQ0Vhw4zl1+wmtY6tC/qgeOHy1rjZpFkEZyAU3AOAnAFGuAONEELYDAGL+AVvHnv3of36X3NWwveYuYYLJX38wsdZKaD</latexit><latexit sha1_base64="c8i6xEQy9TmUKhe9mTVPTpOsClc=">AAACJnicbZDLSgMxFIYz9VZr1VaXboJFcFVmRNBl0Y0boYK9QKeUTCZtQ3MZkoxSwryCW30En8adiDsfxUzbhW09EPj4/3M4J3+UMKqN7397hY3Nre2d4m5pr7x/cFipHrW1TBUmLSyZVN0IacKoIC1DDSPdRBHEI0Y60eQ29ztPRGkqxaOZJqTP0UjQIcXI5FKoxnJQqfl1f1ZwHYIF1MCimoOqVw5jiVNOhMEMad0L/MT0LVKGYkayUphqkiA8QSPScygQJ7pvZ8dm8MwpMRxK5Z4wcKb+nbCIaz3lkevkyIz1qpeL/3m91Ayv+5aKJDVE4PmiYcqgkTD/OYypItiwqQOEFXW3QjxGCmHj8imFgjxjyTkSsQ3jOLNhvkFxG2fZsskTltn7gQ0Vhw4zl1+wmtY6tC/qgeOHy1rjZpFkEZyAU3AOAnAFGuAONEELYDAGL+AVvHnv3of36X3NWwveYuYYLJX38wsdZKaD</latexit><latexit sha1_base64="c8i6xEQy9TmUKhe9mTVPTpOsClc=">AAACJnicbZDLSgMxFIYz9VZr1VaXboJFcFVmRNBl0Y0boYK9QKeUTCZtQ3MZkoxSwryCW30En8adiDsfxUzbhW09EPj4/3M4J3+UMKqN7397hY3Nre2d4m5pr7x/cFipHrW1TBUmLSyZVN0IacKoIC1DDSPdRBHEI0Y60eQ29ztPRGkqxaOZJqTP0UjQIcXI5FKoxnJQqfl1f1ZwHYIF1MCimoOqVw5jiVNOhMEMad0L/MT0LVKGYkayUphqkiA8QSPScygQJ7pvZ8dm8MwpMRxK5Z4wcKb+nbCIaz3lkevkyIz1qpeL/3m91Ayv+5aKJDVE4PmiYcqgkTD/OYypItiwqQOEFXW3QjxGCmHj8imFgjxjyTkSsQ3jOLNhvkFxG2fZsskTltn7gQ0Vhw4zl1+wmtY6tC/qgeOHy1rjZpFkEZyAU3AOAnAFGuAONEELYDAGL+AVvHnv3of36X3NWwveYuYYLJX38wsdZKaD</latexit><latexit sha1_base64="c8i6xEQy9TmUKhe9mTVPTpOsClc=">AAACJnicbZDLSgMxFIYz9VZr1VaXboJFcFVmRNBl0Y0boYK9QKeUTCZtQ3MZkoxSwryCW30En8adiDsfxUzbhW09EPj4/3M4J3+UMKqN7397hY3Nre2d4m5pr7x/cFipHrW1TBUmLSyZVN0IacKoIC1DDSPdRBHEI0Y60eQ29ztPRGkqxaOZJqTP0UjQIcXI5FKoxnJQqfl1f1ZwHYIF1MCimoOqVw5jiVNOhMEMad0L/MT0LVKGYkayUphqkiA8QSPScygQJ7pvZ8dm8MwpMRxK5Z4wcKb+nbCIaz3lkevkyIz1qpeL/3m91Ayv+5aKJDVE4PmiYcqgkTD/OYypItiwqQOEFXW3QjxGCmHj8imFgjxjyTkSsQ3jOLNhvkFxG2fZsskTltn7gQ0Vhw4zl1+wmtY6tC/qgeOHy1rjZpFkEZyAU3AOAnAFGuAONEELYDAGL+AVvHnv3of36X3NWwveYuYYLJX38wsdZKaD</latexit>

low
small mass 

good for cosmology

⇢
<latexit sha1_base64="c8i6xEQy9TmUKhe9mTVPTpOsClc=">AAACJnicbZDLSgMxFIYz9VZr1VaXboJFcFVmRNBl0Y0boYK9QKeUTCZtQ3MZkoxSwryCW30En8adiDsfxUzbhW09EPj4/3M4J3+UMKqN7397hY3Nre2d4m5pr7x/cFipHrW1TBUmLSyZVN0IacKoIC1DDSPdRBHEI0Y60eQ29ztPRGkqxaOZJqTP0UjQIcXI5FKoxnJQqfl1f1ZwHYIF1MCimoOqVw5jiVNOhMEMad0L/MT0LVKGYkayUphqkiA8QSPScygQJ7pvZ8dm8MwpMRxK5Z4wcKb+nbCIaz3lkevkyIz1qpeL/3m91Ayv+5aKJDVE4PmiYcqgkTD/OYypItiwqQOEFXW3QjxGCmHj8imFgjxjyTkSsQ3jOLNhvkFxG2fZsskTltn7gQ0Vhw4zl1+wmtY6tC/qgeOHy1rjZpFkEZyAU3AOAnAFGuAONEELYDAGL+AVvHnv3of36X3NWwveYuYYLJX38wsdZKaD</latexit><latexit sha1_base64="c8i6xEQy9TmUKhe9mTVPTpOsClc=">AAACJnicbZDLSgMxFIYz9VZr1VaXboJFcFVmRNBl0Y0boYK9QKeUTCZtQ3MZkoxSwryCW30En8adiDsfxUzbhW09EPj4/3M4J3+UMKqN7397hY3Nre2d4m5pr7x/cFipHrW1TBUmLSyZVN0IacKoIC1DDSPdRBHEI0Y60eQ29ztPRGkqxaOZJqTP0UjQIcXI5FKoxnJQqfl1f1ZwHYIF1MCimoOqVw5jiVNOhMEMad0L/MT0LVKGYkayUphqkiA8QSPScygQJ7pvZ8dm8MwpMRxK5Z4wcKb+nbCIaz3lkevkyIz1qpeL/3m91Ayv+5aKJDVE4PmiYcqgkTD/OYypItiwqQOEFXW3QjxGCmHj8imFgjxjyTkSsQ3jOLNhvkFxG2fZsskTltn7gQ0Vhw4zl1+wmtY6tC/qgeOHy1rjZpFkEZyAU3AOAnAFGuAONEELYDAGL+AVvHnv3of36X3NWwveYuYYLJX38wsdZKaD</latexit><latexit sha1_base64="c8i6xEQy9TmUKhe9mTVPTpOsClc=">AAACJnicbZDLSgMxFIYz9VZr1VaXboJFcFVmRNBl0Y0boYK9QKeUTCZtQ3MZkoxSwryCW30En8adiDsfxUzbhW09EPj4/3M4J3+UMKqN7397hY3Nre2d4m5pr7x/cFipHrW1TBUmLSyZVN0IacKoIC1DDSPdRBHEI0Y60eQ29ztPRGkqxaOZJqTP0UjQIcXI5FKoxnJQqfl1f1ZwHYIF1MCimoOqVw5jiVNOhMEMad0L/MT0LVKGYkayUphqkiA8QSPScygQJ7pvZ8dm8MwpMRxK5Z4wcKb+nbCIaz3lkevkyIz1qpeL/3m91Ayv+5aKJDVE4PmiYcqgkTD/OYypItiwqQOEFXW3QjxGCmHj8imFgjxjyTkSsQ3jOLNhvkFxG2fZsskTltn7gQ0Vhw4zl1+wmtY6tC/qgeOHy1rjZpFkEZyAU3AOAnAFGuAONEELYDAGL+AVvHnv3of36X3NWwveYuYYLJX38wsdZKaD</latexit><latexit sha1_base64="c8i6xEQy9TmUKhe9mTVPTpOsClc=">AAACJnicbZDLSgMxFIYz9VZr1VaXboJFcFVmRNBl0Y0boYK9QKeUTCZtQ3MZkoxSwryCW30En8adiDsfxUzbhW09EPj4/3M4J3+UMKqN7397hY3Nre2d4m5pr7x/cFipHrW1TBUmLSyZVN0IacKoIC1DDSPdRBHEI0Y60eQ29ztPRGkqxaOZJqTP0UjQIcXI5FKoxnJQqfl1f1ZwHYIF1MCimoOqVw5jiVNOhMEMad0L/MT0LVKGYkayUphqkiA8QSPScygQJ7pvZ8dm8MwpMRxK5Z4wcKb+nbCIaz3lkevkyIz1qpeL/3m91Ayv+5aKJDVE4PmiYcqgkTD/OYypItiwqQOEFXW3QjxGCmHj8imFgjxjyTkSsQ3jOLNhvkFxG2fZsskTltn7gQ0Vhw4zl1+wmtY6tC/qgeOHy1rjZpFkEZyAU3AOAnAFGuAONEELYDAGL+AVvHnv3of36X3NWwveYuYYLJX38wsdZKaD</latexit>

high
large mass 

good for fifth-force



Screening: the thin-shell effect

low density

high density



Screening: the thin-shell effect

rs
<latexit sha1_base64="Kz+9ot93M4EXMRl2CV913h0kyXk=">AAACJXicbZDNSgMxFIUz/tZatdWlm2ARXJUZEXRZdONGqGh/oDOUTCZtQ5PMkGSUEuYR3Ooj+DTuRHDlq5hpZ2FbLwQ+zrmXe3PChFGlXffbWVvf2NzaLu2Udyt7+wfV2mFHxanEpI1jFsteiBRhVJC2ppqRXiIJ4iEj3XByk/vdJyIVjcWjniYk4Ggk6JBipK30IAdqUK27DXdWcBW8AuqgqNag5lT8KMYpJ0JjhpTqe26iA4OkppiRrOyniiQIT9CI9C0KxIkKzOzWDJ5aJYLDWNonNJypfycM4kpNeWg7OdJjtezl4n9eP9XDq8BQkaSaCDxfNEwZ1DHMPw4jKgnWbGoBYUntrRCPkURY23jKviDPOOYcicj4UZQZP98guYmybNHkCcvM3cD4kkOLmc3PW05rFTrnDc/y/UW9eV0kWQLH4AScAQ9cgia4BS3QBhiMwAt4BW/Ou/PhfDpf89Y1p5g5Agvl/PwCTbamGA==</latexit><latexit sha1_base64="Kz+9ot93M4EXMRl2CV913h0kyXk=">AAACJXicbZDNSgMxFIUz/tZatdWlm2ARXJUZEXRZdONGqGh/oDOUTCZtQ5PMkGSUEuYR3Ooj+DTuRHDlq5hpZ2FbLwQ+zrmXe3PChFGlXffbWVvf2NzaLu2Udyt7+wfV2mFHxanEpI1jFsteiBRhVJC2ppqRXiIJ4iEj3XByk/vdJyIVjcWjniYk4Ggk6JBipK30IAdqUK27DXdWcBW8AuqgqNag5lT8KMYpJ0JjhpTqe26iA4OkppiRrOyniiQIT9CI9C0KxIkKzOzWDJ5aJYLDWNonNJypfycM4kpNeWg7OdJjtezl4n9eP9XDq8BQkaSaCDxfNEwZ1DHMPw4jKgnWbGoBYUntrRCPkURY23jKviDPOOYcicj4UZQZP98guYmybNHkCcvM3cD4kkOLmc3PW05rFTrnDc/y/UW9eV0kWQLH4AScAQ9cgia4BS3QBhiMwAt4BW/Ou/PhfDpf89Y1p5g5Agvl/PwCTbamGA==</latexit><latexit sha1_base64="Kz+9ot93M4EXMRl2CV913h0kyXk=">AAACJXicbZDNSgMxFIUz/tZatdWlm2ARXJUZEXRZdONGqGh/oDOUTCZtQ5PMkGSUEuYR3Ooj+DTuRHDlq5hpZ2FbLwQ+zrmXe3PChFGlXffbWVvf2NzaLu2Udyt7+wfV2mFHxanEpI1jFsteiBRhVJC2ppqRXiIJ4iEj3XByk/vdJyIVjcWjniYk4Ggk6JBipK30IAdqUK27DXdWcBW8AuqgqNag5lT8KMYpJ0JjhpTqe26iA4OkppiRrOyniiQIT9CI9C0KxIkKzOzWDJ5aJYLDWNonNJypfycM4kpNeWg7OdJjtezl4n9eP9XDq8BQkaSaCDxfNEwZ1DHMPw4jKgnWbGoBYUntrRCPkURY23jKviDPOOYcicj4UZQZP98guYmybNHkCcvM3cD4kkOLmc3PW05rFTrnDc/y/UW9eV0kWQLH4AScAQ9cgia4BS3QBhiMwAt4BW/Ou/PhfDpf89Y1p5g5Agvl/PwCTbamGA==</latexit><latexit sha1_base64="Kz+9ot93M4EXMRl2CV913h0kyXk=">AAACJXicbZDNSgMxFIUz/tZatdWlm2ARXJUZEXRZdONGqGh/oDOUTCZtQ5PMkGSUEuYR3Ooj+DTuRHDlq5hpZ2FbLwQ+zrmXe3PChFGlXffbWVvf2NzaLu2Udyt7+wfV2mFHxanEpI1jFsteiBRhVJC2ppqRXiIJ4iEj3XByk/vdJyIVjcWjniYk4Ggk6JBipK30IAdqUK27DXdWcBW8AuqgqNag5lT8KMYpJ0JjhpTqe26iA4OkppiRrOyniiQIT9CI9C0KxIkKzOzWDJ5aJYLDWNonNJypfycM4kpNeWg7OdJjtezl4n9eP9XDq8BQkaSaCDxfNEwZ1DHMPw4jKgnWbGoBYUntrRCPkURY23jKviDPOOYcicj4UZQZP98guYmybNHkCcvM3cD4kkOLmc3PW05rFTrnDc/y/UW9eV0kWQLH4AScAQ9cgia4BS3QBhiMwAt4BW/Ou/PhfDpf89Y1p5g5Agvl/PwCTbamGA==</latexit>

f

VHfLscreened

unscreened

screening radius

f

VHfL
�(r)

<latexit sha1_base64="01YgVAvkDDLxGyaXevP+IzD35xs=">AAACKXicbZDLSgMxFIYz9VZr1VaXboJFqJsyI4Iui27cCBXsBTpDyWQybWiSGZKMUsI8hFt9BJ/Gnbr1RUwvC9t6IPDx/+dwTv4wZVRp1/1yChubW9s7xd3SXnn/4LBSPeqoJJOYtHHCEtkLkSKMCtLWVDPSSyVBPGSkG45vp373iUhFE/GoJykJOBoKGlOMtJW6fjqidXk+qNTchjsruA7eAmpgUa1B1Sn7UYIzToTGDCnV99xUBwZJTTEjecnPFEkRHqMh6VsUiBMVmNm9OTyzSgTjRNonNJypfycM4kpNeGg7OdIjtepNxf+8fqbj68BQkWaaCDxfFGcM6gROPw8jKgnWbGIBYUntrRCPkERY24hKviDPOOEcicj4UZQbf7pBchPl+bLJU5ab+4HxJYcWc5uft5rWOnQuGp7lh8ta82aRZBGcgFNQBx64Ak1wB1qgDTAYgxfwCt6cd+fD+XS+560FZzFzDJbK+fkF2QKnXA==</latexit><latexit sha1_base64="01YgVAvkDDLxGyaXevP+IzD35xs=">AAACKXicbZDLSgMxFIYz9VZr1VaXboJFqJsyI4Iui27cCBXsBTpDyWQybWiSGZKMUsI8hFt9BJ/Gnbr1RUwvC9t6IPDx/+dwTv4wZVRp1/1yChubW9s7xd3SXnn/4LBSPeqoJJOYtHHCEtkLkSKMCtLWVDPSSyVBPGSkG45vp373iUhFE/GoJykJOBoKGlOMtJW6fjqidXk+qNTchjsruA7eAmpgUa1B1Sn7UYIzToTGDCnV99xUBwZJTTEjecnPFEkRHqMh6VsUiBMVmNm9OTyzSgTjRNonNJypfycM4kpNeGg7OdIjtepNxf+8fqbj68BQkWaaCDxfFGcM6gROPw8jKgnWbGIBYUntrRCPkERY24hKviDPOOEcicj4UZQbf7pBchPl+bLJU5ab+4HxJYcWc5uft5rWOnQuGp7lh8ta82aRZBGcgFNQBx64Ak1wB1qgDTAYgxfwCt6cd+fD+XS+560FZzFzDJbK+fkF2QKnXA==</latexit><latexit sha1_base64="01YgVAvkDDLxGyaXevP+IzD35xs=">AAACKXicbZDLSgMxFIYz9VZr1VaXboJFqJsyI4Iui27cCBXsBTpDyWQybWiSGZKMUsI8hFt9BJ/Gnbr1RUwvC9t6IPDx/+dwTv4wZVRp1/1yChubW9s7xd3SXnn/4LBSPeqoJJOYtHHCEtkLkSKMCtLWVDPSSyVBPGSkG45vp373iUhFE/GoJykJOBoKGlOMtJW6fjqidXk+qNTchjsruA7eAmpgUa1B1Sn7UYIzToTGDCnV99xUBwZJTTEjecnPFEkRHqMh6VsUiBMVmNm9OTyzSgTjRNonNJypfycM4kpNeGg7OdIjtepNxf+8fqbj68BQkWaaCDxfFGcM6gROPw8jKgnWbGIBYUntrRCPkERY24hKviDPOOEcicj4UZQbf7pBchPl+bLJU5ab+4HxJYcWc5uft5rWOnQuGp7lh8ta82aRZBGcgFNQBx64Ak1wB1qgDTAYgxfwCt6cd+fD+XS+560FZzFzDJbK+fkF2QKnXA==</latexit><latexit sha1_base64="01YgVAvkDDLxGyaXevP+IzD35xs=">AAACKXicbZDLSgMxFIYz9VZr1VaXboJFqJsyI4Iui27cCBXsBTpDyWQybWiSGZKMUsI8hFt9BJ/Gnbr1RUwvC9t6IPDx/+dwTv4wZVRp1/1yChubW9s7xd3SXnn/4LBSPeqoJJOYtHHCEtkLkSKMCtLWVDPSSyVBPGSkG45vp373iUhFE/GoJykJOBoKGlOMtJW6fjqidXk+qNTchjsruA7eAmpgUa1B1Sn7UYIzToTGDCnV99xUBwZJTTEjecnPFEkRHqMh6VsUiBMVmNm9OTyzSgTjRNonNJypfycM4kpNeGg7OdIjtepNxf+8fqbj68BQkWaaCDxfFGcM6gROPw8jKgnWbGIBYUntrRCPkERY24hKviDPOOEcicj4UZQbf7pBchPl+bLJU5ab+4HxJYcWc5uft5rWOnQuGp7lh8ta82aRZBGcgFNQBx64Ak1wB1qgDTAYgxfwCt6cd+fD+XS+560FZzFzDJbK+fkF2QKnXA==</latexit>



Screening: the thin-shell effect

rs
<latexit sha1_base64="Kz+9ot93M4EXMRl2CV913h0kyXk=">AAACJXicbZDNSgMxFIUz/tZatdWlm2ARXJUZEXRZdONGqGh/oDOUTCZtQ5PMkGSUEuYR3Ooj+DTuRHDlq5hpZ2FbLwQ+zrmXe3PChFGlXffbWVvf2NzaLu2Udyt7+wfV2mFHxanEpI1jFsteiBRhVJC2ppqRXiIJ4iEj3XByk/vdJyIVjcWjniYk4Ggk6JBipK30IAdqUK27DXdWcBW8AuqgqNag5lT8KMYpJ0JjhpTqe26iA4OkppiRrOyniiQIT9CI9C0KxIkKzOzWDJ5aJYLDWNonNJypfycM4kpNeWg7OdJjtezl4n9eP9XDq8BQkaSaCDxfNEwZ1DHMPw4jKgnWbGoBYUntrRCPkURY23jKviDPOOYcicj4UZQZP98guYmybNHkCcvM3cD4kkOLmc3PW05rFTrnDc/y/UW9eV0kWQLH4AScAQ9cgia4BS3QBhiMwAt4BW/Ou/PhfDpf89Y1p5g5Agvl/PwCTbamGA==</latexit><latexit sha1_base64="Kz+9ot93M4EXMRl2CV913h0kyXk=">AAACJXicbZDNSgMxFIUz/tZatdWlm2ARXJUZEXRZdONGqGh/oDOUTCZtQ5PMkGSUEuYR3Ooj+DTuRHDlq5hpZ2FbLwQ+zrmXe3PChFGlXffbWVvf2NzaLu2Udyt7+wfV2mFHxanEpI1jFsteiBRhVJC2ppqRXiIJ4iEj3XByk/vdJyIVjcWjniYk4Ggk6JBipK30IAdqUK27DXdWcBW8AuqgqNag5lT8KMYpJ0JjhpTqe26iA4OkppiRrOyniiQIT9CI9C0KxIkKzOzWDJ5aJYLDWNonNJypfycM4kpNeWg7OdJjtezl4n9eP9XDq8BQkaSaCDxfNEwZ1DHMPw4jKgnWbGoBYUntrRCPkURY23jKviDPOOYcicj4UZQZP98guYmybNHkCcvM3cD4kkOLmc3PW05rFTrnDc/y/UW9eV0kWQLH4AScAQ9cgia4BS3QBhiMwAt4BW/Ou/PhfDpf89Y1p5g5Agvl/PwCTbamGA==</latexit><latexit sha1_base64="Kz+9ot93M4EXMRl2CV913h0kyXk=">AAACJXicbZDNSgMxFIUz/tZatdWlm2ARXJUZEXRZdONGqGh/oDOUTCZtQ5PMkGSUEuYR3Ooj+DTuRHDlq5hpZ2FbLwQ+zrmXe3PChFGlXffbWVvf2NzaLu2Udyt7+wfV2mFHxanEpI1jFsteiBRhVJC2ppqRXiIJ4iEj3XByk/vdJyIVjcWjniYk4Ggk6JBipK30IAdqUK27DXdWcBW8AuqgqNag5lT8KMYpJ0JjhpTqe26iA4OkppiRrOyniiQIT9CI9C0KxIkKzOzWDJ5aJYLDWNonNJypfycM4kpNeWg7OdJjtezl4n9eP9XDq8BQkaSaCDxfNEwZ1DHMPw4jKgnWbGoBYUntrRCPkURY23jKviDPOOYcicj4UZQZP98guYmybNHkCcvM3cD4kkOLmc3PW05rFTrnDc/y/UW9eV0kWQLH4AScAQ9cgia4BS3QBhiMwAt4BW/Ou/PhfDpf89Y1p5g5Agvl/PwCTbamGA==</latexit><latexit sha1_base64="Kz+9ot93M4EXMRl2CV913h0kyXk=">AAACJXicbZDNSgMxFIUz/tZatdWlm2ARXJUZEXRZdONGqGh/oDOUTCZtQ5PMkGSUEuYR3Ooj+DTuRHDlq5hpZ2FbLwQ+zrmXe3PChFGlXffbWVvf2NzaLu2Udyt7+wfV2mFHxanEpI1jFsteiBRhVJC2ppqRXiIJ4iEj3XByk/vdJyIVjcWjniYk4Ggk6JBipK30IAdqUK27DXdWcBW8AuqgqNag5lT8KMYpJ0JjhpTqe26iA4OkppiRrOyniiQIT9CI9C0KxIkKzOzWDJ5aJYLDWNonNJypfycM4kpNeWg7OdJjtezl4n9eP9XDq8BQkaSaCDxfNEwZ1DHMPw4jKgnWbGoBYUntrRCPkURY23jKviDPOOYcicj4UZQZP98guYmybNHkCcvM3cD4kkOLmc3PW05rFTrnDc/y/UW9eV0kWQLH4AScAQ9cgia4BS3QBhiMwAt4BW/Ou/PhfDpf89Y1p5g5Agvl/PwCTbamGA==</latexit>

F5 ⇡ 0
<latexit sha1_base64="mQQlOeAS7ZRShXZwGSliFo/235M=">AAACLnicbZDNSgMxFIUz9b9WbXXpJlgEV2VGFF0WBXEjKFgtdErJZNI2NH8kGbWEeQ23+gg+jeBC3PoYprUL23rhwsc593IvJ1GMGhuGH0FhYXFpeWV1rbhe2tjcKle274zMNCYNLJnUzQQZwqggDUstI02lCeIJI/fJ4Hzk3z8QbagUt3aoSJujnqBdipH1UnzROY6RUlo+wbBTroa1cFxwHqIJVMGkrjuVoBSnEmecCIsZMqYVhcq2HdKWYkbyYpwZohAeoB5peRSIE9N246dzuO+VFHal9i0sHKt/Nxzixgx54ic5sn0z643E/7xWZrunbUeFyiwR+PdQN2PQSjhKAKZUE2zZ0APCmvpfIe4jjbD1ORVjQR6x5ByJ1MVpmrt4dEFzl+b5tMkVy91Vx8WaQ4+5zy+aTWse7g5rkeebo2r9bJLkKtgFe+AAROAE1MEluAYNgIECz+AFvAZvwXvwGXz9jhaCyc4OmKrg+wewhalO</latexit><latexit sha1_base64="mQQlOeAS7ZRShXZwGSliFo/235M=">AAACLnicbZDNSgMxFIUz9b9WbXXpJlgEV2VGFF0WBXEjKFgtdErJZNI2NH8kGbWEeQ23+gg+jeBC3PoYprUL23rhwsc593IvJ1GMGhuGH0FhYXFpeWV1rbhe2tjcKle274zMNCYNLJnUzQQZwqggDUstI02lCeIJI/fJ4Hzk3z8QbagUt3aoSJujnqBdipH1UnzROY6RUlo+wbBTroa1cFxwHqIJVMGkrjuVoBSnEmecCIsZMqYVhcq2HdKWYkbyYpwZohAeoB5peRSIE9N246dzuO+VFHal9i0sHKt/Nxzixgx54ic5sn0z643E/7xWZrunbUeFyiwR+PdQN2PQSjhKAKZUE2zZ0APCmvpfIe4jjbD1ORVjQR6x5ByJ1MVpmrt4dEFzl+b5tMkVy91Vx8WaQ4+5zy+aTWse7g5rkeebo2r9bJLkKtgFe+AAROAE1MEluAYNgIECz+AFvAZvwXvwGXz9jhaCyc4OmKrg+wewhalO</latexit><latexit sha1_base64="mQQlOeAS7ZRShXZwGSliFo/235M=">AAACLnicbZDNSgMxFIUz9b9WbXXpJlgEV2VGFF0WBXEjKFgtdErJZNI2NH8kGbWEeQ23+gg+jeBC3PoYprUL23rhwsc593IvJ1GMGhuGH0FhYXFpeWV1rbhe2tjcKle274zMNCYNLJnUzQQZwqggDUstI02lCeIJI/fJ4Hzk3z8QbagUt3aoSJujnqBdipH1UnzROY6RUlo+wbBTroa1cFxwHqIJVMGkrjuVoBSnEmecCIsZMqYVhcq2HdKWYkbyYpwZohAeoB5peRSIE9N246dzuO+VFHal9i0sHKt/Nxzixgx54ic5sn0z643E/7xWZrunbUeFyiwR+PdQN2PQSjhKAKZUE2zZ0APCmvpfIe4jjbD1ORVjQR6x5ByJ1MVpmrt4dEFzl+b5tMkVy91Vx8WaQ4+5zy+aTWse7g5rkeebo2r9bJLkKtgFe+AAROAE1MEluAYNgIECz+AFvAZvwXvwGXz9jhaCyc4OmKrg+wewhalO</latexit><latexit sha1_base64="mQQlOeAS7ZRShXZwGSliFo/235M=">AAACLnicbZDNSgMxFIUz9b9WbXXpJlgEV2VGFF0WBXEjKFgtdErJZNI2NH8kGbWEeQ23+gg+jeBC3PoYprUL23rhwsc593IvJ1GMGhuGH0FhYXFpeWV1rbhe2tjcKle274zMNCYNLJnUzQQZwqggDUstI02lCeIJI/fJ4Hzk3z8QbagUt3aoSJujnqBdipH1UnzROY6RUlo+wbBTroa1cFxwHqIJVMGkrjuVoBSnEmecCIsZMqYVhcq2HdKWYkbyYpwZohAeoB5peRSIE9N246dzuO+VFHal9i0sHKt/Nxzixgx54ic5sn0z643E/7xWZrunbUeFyiwR+PdQN2PQSjhKAKZUE2zZ0APCmvpfIe4jjbD1ORVjQR6x5ByJ1MVpmrt4dEFzl+b5tMkVy91Vx8WaQ4+5zy+aTWse7g5rkeebo2r9bJLkKtgFe+AAROAE1MEluAYNgIECz+AFvAZvwXvwGXz9jhaCyc4OmKrg+wewhalO</latexit>

R
<latexit sha1_base64="16fQ5XSSxCsppYYmmUdZd6z9bfw=">AAACI3icbZDPSgMxEMaz9V+tVVs9egkWwVPZFUGPRS9ehCpWC92lZLOzGppklySrlLBP4FUfwafxJl48+C6mtQetDgR+fN8MM/ninDNtfP/DqywsLi2vVFdra/X1jc1Gc+taZ4Wi0KMZz1Q/Jho4k9AzzHDo5wqIiDncxKPTiX9zD0qzTF6ZcQ6RILeSpYwS46SLy2Gj5bf9aeG/EMyghWbVHTa9ephktBAgDeVE60Hg5yayRBlGOZS1sNCQEzoitzBwKIkAHdnppSXec0qC00y5Jw2eqj8nLBFaj0XsOgUxd3rem4j/eYPCpMeRZTIvDEj6vSgtODYZnnwbJ0wBNXzsgFDF3K2Y3hFFqHHh1EIJDzQTgsjEhklS2nCyQQmblOVvU+S8tOdDGyqBHZYuv2A+rb9wfdAOHF8ctjonsySraAfton0UoCPUQWeoi3qIIkCP6Ak9ey/eq/fmvX+3VrzZzDb6Vd7nF1uHpRI=</latexit><latexit sha1_base64="16fQ5XSSxCsppYYmmUdZd6z9bfw=">AAACI3icbZDPSgMxEMaz9V+tVVs9egkWwVPZFUGPRS9ehCpWC92lZLOzGppklySrlLBP4FUfwafxJl48+C6mtQetDgR+fN8MM/ninDNtfP/DqywsLi2vVFdra/X1jc1Gc+taZ4Wi0KMZz1Q/Jho4k9AzzHDo5wqIiDncxKPTiX9zD0qzTF6ZcQ6RILeSpYwS46SLy2Gj5bf9aeG/EMyghWbVHTa9ephktBAgDeVE60Hg5yayRBlGOZS1sNCQEzoitzBwKIkAHdnppSXec0qC00y5Jw2eqj8nLBFaj0XsOgUxd3rem4j/eYPCpMeRZTIvDEj6vSgtODYZnnwbJ0wBNXzsgFDF3K2Y3hFFqHHh1EIJDzQTgsjEhklS2nCyQQmblOVvU+S8tOdDGyqBHZYuv2A+rb9wfdAOHF8ctjonsySraAfton0UoCPUQWeoi3qIIkCP6Ak9ey/eq/fmvX+3VrzZzDb6Vd7nF1uHpRI=</latexit><latexit sha1_base64="16fQ5XSSxCsppYYmmUdZd6z9bfw=">AAACI3icbZDPSgMxEMaz9V+tVVs9egkWwVPZFUGPRS9ehCpWC92lZLOzGppklySrlLBP4FUfwafxJl48+C6mtQetDgR+fN8MM/ninDNtfP/DqywsLi2vVFdra/X1jc1Gc+taZ4Wi0KMZz1Q/Jho4k9AzzHDo5wqIiDncxKPTiX9zD0qzTF6ZcQ6RILeSpYwS46SLy2Gj5bf9aeG/EMyghWbVHTa9ephktBAgDeVE60Hg5yayRBlGOZS1sNCQEzoitzBwKIkAHdnppSXec0qC00y5Jw2eqj8nLBFaj0XsOgUxd3rem4j/eYPCpMeRZTIvDEj6vSgtODYZnnwbJ0wBNXzsgFDF3K2Y3hFFqHHh1EIJDzQTgsjEhklS2nCyQQmblOVvU+S8tOdDGyqBHZYuv2A+rb9wfdAOHF8ctjonsySraAfton0UoCPUQWeoi3qIIkCP6Ak9ey/eq/fmvX+3VrzZzDb6Vd7nF1uHpRI=</latexit><latexit sha1_base64="16fQ5XSSxCsppYYmmUdZd6z9bfw=">AAACI3icbZDPSgMxEMaz9V+tVVs9egkWwVPZFUGPRS9ehCpWC92lZLOzGppklySrlLBP4FUfwafxJl48+C6mtQetDgR+fN8MM/ninDNtfP/DqywsLi2vVFdra/X1jc1Gc+taZ4Wi0KMZz1Q/Jho4k9AzzHDo5wqIiDncxKPTiX9zD0qzTF6ZcQ6RILeSpYwS46SLy2Gj5bf9aeG/EMyghWbVHTa9ephktBAgDeVE60Hg5yayRBlGOZS1sNCQEzoitzBwKIkAHdnppSXec0qC00y5Jw2eqj8nLBFaj0XsOgUxd3rem4j/eYPCpMeRZTIvDEj6vSgtODYZnnwbJ0wBNXzsgFDF3K2Y3hFFqHHh1EIJDzQTgsjEhklS2nCyQQmblOVvU+S8tOdDGyqBHZYuv2A+rb9wfdAOHF8ctjonsySraAfton0UoCPUQWeoi3qIIkCP6Ak9ey/eq/fmvX+3VrzZzDb6Vd7nF1uHpRI=</latexit>

screened: rs ⇡ R
<latexit sha1_base64="4cd7xw93YAbw0BT7tdxMvZqHrRo=">AAACLnicbZDLSgMxFIYz9V6rVl26CRbBlcyIoMuiGzdCFauFzjBkMqmG5kaSUUuY13Crj+DTCC7ErY9hello64EDH/9/DufwZ4pRY8PwI6jMzS8sLi2vVFdra+sb9c2tGyMLjUkbSyZ1J0OGMCpI21LLSEdpgnjGyG3WPxv6tw9EGyrFtR0oknB0J2iPYmS9FOvUxEgpLZ/gVVpvhAfhqOAsRBNogEm10s2gFucSF5wIixkyphuFyiYOaUsxI2U1LgxRCPfRHel6FIgTk7jR0yXc80oOe1L7FhaO1N8bDnFjBjzzkxzZezPtDcX/vG5heyeJo0IVlgg8PtQrGLQSDhOAOdUEWzbwgLCm/leI75FG2PqcqrEgj1hyjkTu4jwvXTy8oLnLy/KvyRUr3UXqYs2hx9LnF02nNQs3hweR58ujRvN0kuQy2AG7YB9E4Bg0wTlogTbAQIFn8AJeg7fgPfgMvsajlWCysw3+VPD9A6kaqdo=</latexit><latexit sha1_base64="4cd7xw93YAbw0BT7tdxMvZqHrRo=">AAACLnicbZDLSgMxFIYz9V6rVl26CRbBlcyIoMuiGzdCFauFzjBkMqmG5kaSUUuY13Crj+DTCC7ErY9hello64EDH/9/DufwZ4pRY8PwI6jMzS8sLi2vVFdra+sb9c2tGyMLjUkbSyZ1J0OGMCpI21LLSEdpgnjGyG3WPxv6tw9EGyrFtR0oknB0J2iPYmS9FOvUxEgpLZ/gVVpvhAfhqOAsRBNogEm10s2gFucSF5wIixkyphuFyiYOaUsxI2U1LgxRCPfRHel6FIgTk7jR0yXc80oOe1L7FhaO1N8bDnFjBjzzkxzZezPtDcX/vG5heyeJo0IVlgg8PtQrGLQSDhOAOdUEWzbwgLCm/leI75FG2PqcqrEgj1hyjkTu4jwvXTy8oLnLy/KvyRUr3UXqYs2hx9LnF02nNQs3hweR58ujRvN0kuQy2AG7YB9E4Bg0wTlogTbAQIFn8AJeg7fgPfgMvsajlWCysw3+VPD9A6kaqdo=</latexit><latexit sha1_base64="4cd7xw93YAbw0BT7tdxMvZqHrRo=">AAACLnicbZDLSgMxFIYz9V6rVl26CRbBlcyIoMuiGzdCFauFzjBkMqmG5kaSUUuY13Crj+DTCC7ErY9hello64EDH/9/DufwZ4pRY8PwI6jMzS8sLi2vVFdra+sb9c2tGyMLjUkbSyZ1J0OGMCpI21LLSEdpgnjGyG3WPxv6tw9EGyrFtR0oknB0J2iPYmS9FOvUxEgpLZ/gVVpvhAfhqOAsRBNogEm10s2gFucSF5wIixkyphuFyiYOaUsxI2U1LgxRCPfRHel6FIgTk7jR0yXc80oOe1L7FhaO1N8bDnFjBjzzkxzZezPtDcX/vG5heyeJo0IVlgg8PtQrGLQSDhOAOdUEWzbwgLCm/leI75FG2PqcqrEgj1hyjkTu4jwvXTy8oLnLy/KvyRUr3UXqYs2hx9LnF02nNQs3hweR58ujRvN0kuQy2AG7YB9E4Bg0wTlogTbAQIFn8AJeg7fgPfgMvsajlWCysw3+VPD9A6kaqdo=</latexit><latexit sha1_base64="4cd7xw93YAbw0BT7tdxMvZqHrRo=">AAACLnicbZDLSgMxFIYz9V6rVl26CRbBlcyIoMuiGzdCFauFzjBkMqmG5kaSUUuY13Crj+DTCC7ErY9hello64EDH/9/DufwZ4pRY8PwI6jMzS8sLi2vVFdra+sb9c2tGyMLjUkbSyZ1J0OGMCpI21LLSEdpgnjGyG3WPxv6tw9EGyrFtR0oknB0J2iPYmS9FOvUxEgpLZ/gVVpvhAfhqOAsRBNogEm10s2gFucSF5wIixkyphuFyiYOaUsxI2U1LgxRCPfRHel6FIgTk7jR0yXc80oOe1L7FhaO1N8bDnFjBjzzkxzZezPtDcX/vG5heyeJo0IVlgg8PtQrGLQSDhOAOdUEWzbwgLCm/leI75FG2PqcqrEgj1hyjkTu4jwvXTy8oLnLy/KvyRUr3UXqYs2hx9LnF02nNQs3hweR58ujRvN0kuQy2AG7YB9E4Bg0wTlogTbAQIFn8AJeg7fgPfgMvsajlWCysw3+VPD9A6kaqdo=</latexit>

unscreened: rs ⌧ R
<latexit sha1_base64="6A73pMxj9QnJSTEzGu5UrzLRSsM=">AAACKnicbZDNSgMxFIUz/tZatdWlm2ARXJUZEXRZdONGqGJ/oDMMmUzahiaZIckoJcxLuNVH8GncFbc+iGk7C9t6IfBxzr3cmxOljCrtulNnY3Nre2e3tFferxwcHlVrxx2VZBKTNk5YInsRUoRRQdqaakZ6qSSIR4x0o/HdzO++EKloIp71JCUBR0NBBxQjbaWeDJXPGHwKq3W34c4LroNXQB0U1QprTsWPE5xxIjRmSKm+56Y6MEhqihnJy36mSIrwGA1J36JAnKjAzA/O4blVYjhIpH1Cw7n6d8IgrtSER7aTIz1Sq95M/M/rZ3pwExgq0kwTgReLBhmDOoGz38OYSoI1m1hAWFJ7K8QjJBHWNqOyL8grTjhHIjZ+HOfGn22Q3MR5vmzylOXmITS+5NBibvPzVtNah85lw7P8eFVv3hZJlsApOAMXwAPXoAnuQQu0AQYMvIF38OF8Ol/O1PletG44xcwJWCrn5xfygKfw</latexit><latexit sha1_base64="6A73pMxj9QnJSTEzGu5UrzLRSsM=">AAACKnicbZDNSgMxFIUz/tZatdWlm2ARXJUZEXRZdONGqGJ/oDMMmUzahiaZIckoJcxLuNVH8GncFbc+iGk7C9t6IfBxzr3cmxOljCrtulNnY3Nre2e3tFferxwcHlVrxx2VZBKTNk5YInsRUoRRQdqaakZ6qSSIR4x0o/HdzO++EKloIp71JCUBR0NBBxQjbaWeDJXPGHwKq3W34c4LroNXQB0U1QprTsWPE5xxIjRmSKm+56Y6MEhqihnJy36mSIrwGA1J36JAnKjAzA/O4blVYjhIpH1Cw7n6d8IgrtSER7aTIz1Sq95M/M/rZ3pwExgq0kwTgReLBhmDOoGz38OYSoI1m1hAWFJ7K8QjJBHWNqOyL8grTjhHIjZ+HOfGn22Q3MR5vmzylOXmITS+5NBibvPzVtNah85lw7P8eFVv3hZJlsApOAMXwAPXoAnuQQu0AQYMvIF38OF8Ol/O1PletG44xcwJWCrn5xfygKfw</latexit><latexit sha1_base64="6A73pMxj9QnJSTEzGu5UrzLRSsM=">AAACKnicbZDNSgMxFIUz/tZatdWlm2ARXJUZEXRZdONGqGJ/oDMMmUzahiaZIckoJcxLuNVH8GncFbc+iGk7C9t6IfBxzr3cmxOljCrtulNnY3Nre2e3tFferxwcHlVrxx2VZBKTNk5YInsRUoRRQdqaakZ6qSSIR4x0o/HdzO++EKloIp71JCUBR0NBBxQjbaWeDJXPGHwKq3W34c4LroNXQB0U1QprTsWPE5xxIjRmSKm+56Y6MEhqihnJy36mSIrwGA1J36JAnKjAzA/O4blVYjhIpH1Cw7n6d8IgrtSER7aTIz1Sq95M/M/rZ3pwExgq0kwTgReLBhmDOoGz38OYSoI1m1hAWFJ7K8QjJBHWNqOyL8grTjhHIjZ+HOfGn22Q3MR5vmzylOXmITS+5NBibvPzVtNah85lw7P8eFVv3hZJlsApOAMXwAPXoAnuQQu0AQYMvIF38OF8Ol/O1PletG44xcwJWCrn5xfygKfw</latexit><latexit sha1_base64="6A73pMxj9QnJSTEzGu5UrzLRSsM=">AAACKnicbZDNSgMxFIUz/tZatdWlm2ARXJUZEXRZdONGqGJ/oDMMmUzahiaZIckoJcxLuNVH8GncFbc+iGk7C9t6IfBxzr3cmxOljCrtulNnY3Nre2e3tFferxwcHlVrxx2VZBKTNk5YInsRUoRRQdqaakZ6qSSIR4x0o/HdzO++EKloIp71JCUBR0NBBxQjbaWeDJXPGHwKq3W34c4LroNXQB0U1QprTsWPE5xxIjRmSKm+56Y6MEhqihnJy36mSIrwGA1J36JAnKjAzA/O4blVYjhIpH1Cw7n6d8IgrtSER7aTIz1Sq95M/M/rZ3pwExgq0kwTgReLBhmDOoGz38OYSoI1m1hAWFJ7K8QjJBHWNqOyL8grTjhHIjZ+HOfGn22Q3MR5vmzylOXmITS+5NBibvPzVtNah85lw7P8eFVv3hZJlsApOAMXwAPXoAnuQQu0AQYMvIF38OF8Ol/O1PletG44xcwJWCrn5xfygKfw</latexit>F5 = 2�2GM(R)

r2


1� M(rs)

M(r)

�

<latexit sha1_base64="X8uillHKxC3aRww+Yb2IlAvNAns="></latexit><latexit sha1_base64="X8uillHKxC3aRww+Yb2IlAvNAns="></latexit><latexit sha1_base64="X8uillHKxC3aRww+Yb2IlAvNAns="></latexit><latexit sha1_base64="X8uillHKxC3aRww+Yb2IlAvNAns="></latexit>

F5 = 2�2GM(R)

r2


1� M(rs)

M(r)

�
e�meffr

<latexit sha1_base64="CpRrx1fepnnWMCIbjAuGOxVRbSI="></latexit><latexit sha1_base64="CpRrx1fepnnWMCIbjAuGOxVRbSI="></latexit><latexit sha1_base64="CpRrx1fepnnWMCIbjAuGOxVRbSI="></latexit><latexit sha1_base64="CpRrx1fepnnWMCIbjAuGOxVRbSI="></latexit>



f(R) and chameleons
S =

M2
pl

2

Z
d4x

p
�g̃

h
R̃+ f(R̃)

i
+ Sm[g̃]

<latexit sha1_base64="pa9/K5tb7tll0GnaV9ARZemLNwE="></latexit><latexit sha1_base64="pa9/K5tb7tll0GnaV9ARZemLNwE="></latexit><latexit sha1_base64="pa9/K5tb7tll0GnaV9ARZemLNwE="></latexit><latexit sha1_base64="pa9/K5tb7tll0GnaV9ARZemLNwE="></latexit>

S =
M2

pl

2

Z
d4x

p
�g̃


R̃+ f(�) +

df

d�

⇣
R̃� �

⌘�
+ Sm[g̃]

<latexit sha1_base64="msjh2995BQoi4poKYq4df2mbaEE="></latexit><latexit sha1_base64="msjh2995BQoi4poKYq4df2mbaEE="></latexit><latexit sha1_base64="msjh2995BQoi4poKYq4df2mbaEE="></latexit><latexit sha1_base64="msjh2995BQoi4poKYq4df2mbaEE="></latexit>

Introduce Lagrange multiplier:

� = R̃
<latexit sha1_base64="1PwvuvfMgSjprLVhQvcXHHrhHi0=">AAACMHicbZDPSgMxEMaz/q21aqtHL8EieJJdEfQiFL14EapYFbq1ZLNTG0yyS5JVStj38KqP4NPoSbz6FGbbPWh1YODH980wwxelnGnj++/ezOzc/MJiZam6XFtZXas31q90kikKHZrwRN1ERANnEjqGGQ43qQIiIg7X0f1J4V8/gNIskZdmlEJPkDvJBowS46TbkA7ZUWgYj8Fe5P1609/1x4X/QlBCE5XV7je8WhgnNBMgDeVE627gp6ZniTKMcsirYaYhJfSe3EHXoSQCdM+O387xtlNiPEiUa2nwWP25YYnQeiQiNymIGepprxD/87qZGRz2LJNpZkDSyaFBxrFJcJEBjpkCavjIAaGKuV8xHRJFqHFJVUMJjzQRgsjYhnGc27C4oISN8/y3KVKe27O+DZXADov8gum0/sLV3m7g+Hy/2Touk6ygTbSFdlCADlALnaI26iCKFHpCz+jFe/XevA/vczI645U7G+hXeV/fdhSqxw==</latexit><latexit sha1_base64="1PwvuvfMgSjprLVhQvcXHHrhHi0=">AAACMHicbZDPSgMxEMaz/q21aqtHL8EieJJdEfQiFL14EapYFbq1ZLNTG0yyS5JVStj38KqP4NPoSbz6FGbbPWh1YODH980wwxelnGnj++/ezOzc/MJiZam6XFtZXas31q90kikKHZrwRN1ERANnEjqGGQ43qQIiIg7X0f1J4V8/gNIskZdmlEJPkDvJBowS46TbkA7ZUWgYj8Fe5P1609/1x4X/QlBCE5XV7je8WhgnNBMgDeVE627gp6ZniTKMcsirYaYhJfSe3EHXoSQCdM+O387xtlNiPEiUa2nwWP25YYnQeiQiNymIGepprxD/87qZGRz2LJNpZkDSyaFBxrFJcJEBjpkCavjIAaGKuV8xHRJFqHFJVUMJjzQRgsjYhnGc27C4oISN8/y3KVKe27O+DZXADov8gum0/sLV3m7g+Hy/2Touk6ygTbSFdlCADlALnaI26iCKFHpCz+jFe/XevA/vczI645U7G+hXeV/fdhSqxw==</latexit><latexit sha1_base64="1PwvuvfMgSjprLVhQvcXHHrhHi0=">AAACMHicbZDPSgMxEMaz/q21aqtHL8EieJJdEfQiFL14EapYFbq1ZLNTG0yyS5JVStj38KqP4NPoSbz6FGbbPWh1YODH980wwxelnGnj++/ezOzc/MJiZam6XFtZXas31q90kikKHZrwRN1ERANnEjqGGQ43qQIiIg7X0f1J4V8/gNIskZdmlEJPkDvJBowS46TbkA7ZUWgYj8Fe5P1609/1x4X/QlBCE5XV7je8WhgnNBMgDeVE627gp6ZniTKMcsirYaYhJfSe3EHXoSQCdM+O387xtlNiPEiUa2nwWP25YYnQeiQiNymIGepprxD/87qZGRz2LJNpZkDSyaFBxrFJcJEBjpkCavjIAaGKuV8xHRJFqHFJVUMJjzQRgsjYhnGc27C4oISN8/y3KVKe27O+DZXADov8gum0/sLV3m7g+Hy/2Touk6ygTbSFdlCADlALnaI26iCKFHpCz+jFe/XevA/vczI645U7G+hXeV/fdhSqxw==</latexit><latexit sha1_base64="1PwvuvfMgSjprLVhQvcXHHrhHi0=">AAACMHicbZDPSgMxEMaz/q21aqtHL8EieJJdEfQiFL14EapYFbq1ZLNTG0yyS5JVStj38KqP4NPoSbz6FGbbPWh1YODH980wwxelnGnj++/ezOzc/MJiZam6XFtZXas31q90kikKHZrwRN1ERANnEjqGGQ43qQIiIg7X0f1J4V8/gNIskZdmlEJPkDvJBowS46TbkA7ZUWgYj8Fe5P1609/1x4X/QlBCE5XV7je8WhgnNBMgDeVE627gp6ZniTKMcsirYaYhJfSe3EHXoSQCdM+O387xtlNiPEiUa2nwWP25YYnQeiQiNymIGepprxD/87qZGRz2LJNpZkDSyaFBxrFJcJEBjpkCavjIAaGKuV8xHRJFqHFJVUMJjzQRgsjYhnGc27C4oISN8/y3KVKe27O+DZXADov8gum0/sLV3m7g+Hy/2Touk6ygTbSFdlCADlALnaI26iCKFHpCz+jFe/XevA/vczI645U7G+hXeV/fdhSqxw==</latexit>

Action is equivalent because



f(R) and chameleons
S =

M2
pl

2

Z
d4x

p
�g̃


R̃+ f(�) +

df

d�

⇣
R̃� �

⌘�
+ Sm[g̃]

<latexit sha1_base64="msjh2995BQoi4poKYq4df2mbaEE="></latexit><latexit sha1_base64="msjh2995BQoi4poKYq4df2mbaEE="></latexit><latexit sha1_base64="msjh2995BQoi4poKYq4df2mbaEE="></latexit><latexit sha1_base64="msjh2995BQoi4poKYq4df2mbaEE="></latexit>

Weyl rescaling: g̃µ⌫ = A2(�)gµ⌫
<latexit sha1_base64="rMHvBFSTNEBj0soewPayaAyyRFo="></latexit><latexit sha1_base64="rMHvBFSTNEBj0soewPayaAyyRFo="></latexit><latexit sha1_base64="rMHvBFSTNEBj0soewPayaAyyRFo="></latexit><latexit sha1_base64="jT6izRPTe90K2bISsYWFXEgpcRE=">AAACFHicbZDLSgMxGIUzXutYtV27CRbBVZlxo0vBjRuhgr1AZyiZJG1DcxmSjFLCvIBbH8GncSfufBszbRe29UDg45yE/8/Jcs6MjaKfYGd3b//gsHYUHtfDk9OzRr1nVKEx7WLFlR5kyFDOJO1aZjkd5JoikXHaz2b3Vd5/odowJZ/tPKepQBPJxgwj663OqNGK2tFCcBviFbTASqNmUE+IwoWg0mKOjBnGUW5Th7RlmNMyTApDc4RnaEKHHiUS1KRusWcJL71D4Fhpf6SFC/fvC4eEMXOR+ZsC2anZzCrzv2xY2PFt6pjMC0slXg4aFxxaBatPQ8I0xZbPPSCsmd8V4inSCFtfTZhI+oqVEEgSlxBSuqSaoIUjZbkeipyX7nHkEi2gx9LXF2+WtQ2963bs+SkCNXAOLsAViMENuAMPoAO6AAMC3sB78BF8Bl/LmneCVd9NsKbg+xeJ7qI5</latexit><latexit sha1_base64="SOmRThJdkWBqA3aPMoBmn+72VqI="></latexit><latexit sha1_base64="SOmRThJdkWBqA3aPMoBmn+72VqI="></latexit><latexit sha1_base64="6EpvNNEiByoBVfTVzPbL0ACYjV0="></latexit><latexit sha1_base64="rMHvBFSTNEBj0soewPayaAyyRFo="></latexit><latexit sha1_base64="rMHvBFSTNEBj0soewPayaAyyRFo="></latexit><latexit sha1_base64="rMHvBFSTNEBj0soewPayaAyyRFo="></latexit><latexit sha1_base64="rMHvBFSTNEBj0soewPayaAyyRFo="></latexit><latexit sha1_base64="rMHvBFSTNEBj0soewPayaAyyRFo="></latexit><latexit sha1_base64="rMHvBFSTNEBj0soewPayaAyyRFo="></latexit>

A2(�) = 1 +
df

d�
<latexit sha1_base64="ZpvMWYMv8lQs48YA0FazD0LoTRE="></latexit><latexit sha1_base64="ZpvMWYMv8lQs48YA0FazD0LoTRE="></latexit><latexit sha1_base64="ZpvMWYMv8lQs48YA0FazD0LoTRE="></latexit><latexit sha1_base64="ZpvMWYMv8lQs48YA0FazD0LoTRE="></latexit>

Canonically normalize: � = �
r

3

2
ln [1 + f 0(�)]

<latexit sha1_base64="LSfQvRO2v+MpAKpGcPX3bldE11o="></latexit><latexit sha1_base64="LSfQvRO2v+MpAKpGcPX3bldE11o="></latexit><latexit sha1_base64="LSfQvRO2v+MpAKpGcPX3bldE11o="></latexit><latexit sha1_base64="LSfQvRO2v+MpAKpGcPX3bldE11o="></latexit>

V (�) =
�f 0(�)� f(�)

(1 +M�2
pl f 0(�))2

<latexit sha1_base64="VkRfsL2QGpUBHMAuIq6g+BgoaCQ="></latexit><latexit sha1_base64="VkRfsL2QGpUBHMAuIq6g+BgoaCQ="></latexit><latexit sha1_base64="VkRfsL2QGpUBHMAuIq6g+BgoaCQ="></latexit><latexit sha1_base64="VkRfsL2QGpUBHMAuIq6g+BgoaCQ="></latexit>

S =
M2

pl

2

Z
d4x

p
�g̃


R� 1

2
rµ�rµ�� V (�)

�
+ Sm[e

p
2
3�gµ⌫ ]

<latexit sha1_base64="Ylr2p1FIc8qPImi6+H48E5+xJd8="></latexit><latexit sha1_base64="Ylr2p1FIc8qPImi6+H48E5+xJd8="></latexit><latexit sha1_base64="Ylr2p1FIc8qPImi6+H48E5+xJd8="></latexit><latexit sha1_base64="Ylr2p1FIc8qPImi6+H48E5+xJd8="></latexit>



f(R) and chameleons
S =

M2
pl

2

Z
d4x

p
�g̃


R� 1

2
rµ�rµ�� V (�)

�
+ Sm[e

p
2
3�gµ⌫ ]

<latexit sha1_base64="Ylr2p1FIc8qPImi6+H48E5+xJd8="></latexit><latexit sha1_base64="Ylr2p1FIc8qPImi6+H48E5+xJd8="></latexit><latexit sha1_base64="Ylr2p1FIc8qPImi6+H48E5+xJd8="></latexit><latexit sha1_base64="Ylr2p1FIc8qPImi6+H48E5+xJd8="></latexit>

chameleon with � =
1p
6

<latexit sha1_base64="H59Bwk82GtLw1qZGHBGXD7g+ivE="></latexit><latexit sha1_base64="H59Bwk82GtLw1qZGHBGXD7g+ivE="></latexit><latexit sha1_base64="H59Bwk82GtLw1qZGHBGXD7g+ivE="></latexit><latexit sha1_base64="H59Bwk82GtLw1qZGHBGXD7g+ivE="></latexit>

V (�) = (1 + b)M2
plµ

2

 r
3

2

ab

�

!� b
1+b

<latexit sha1_base64="iQ1lc0aQ0Yx4lIIfE3a4mjA0X38="></latexit><latexit sha1_base64="iQ1lc0aQ0Yx4lIIfE3a4mjA0X38="></latexit><latexit sha1_base64="iQ1lc0aQ0Yx4lIIfE3a4mjA0X38="></latexit><latexit sha1_base64="iQ1lc0aQ0Yx4lIIfE3a4mjA0X38="></latexit>

Have to choose f(R) e.g. Hu & Sawicki:

f(R) = �a
µ2

1 + (R/µ2)�b
<latexit sha1_base64="jWGVmGUkJF6EvQiZejZ7tjJVXX4="></latexit><latexit sha1_base64="jWGVmGUkJF6EvQiZejZ7tjJVXX4="></latexit><latexit sha1_base64="jWGVmGUkJF6EvQiZejZ7tjJVXX4="></latexit><latexit sha1_base64="jWGVmGUkJF6EvQiZejZ7tjJVXX4="></latexit>

n = � b

b+ 1
<latexit sha1_base64="xoIc0VsrmRmD2adOkCz7HNCKZrw="></latexit><latexit sha1_base64="xoIc0VsrmRmD2adOkCz7HNCKZrw="></latexit><latexit sha1_base64="xoIc0VsrmRmD2adOkCz7HNCKZrw="></latexit><latexit sha1_base64="xoIc0VsrmRmD2adOkCz7HNCKZrw="></latexit>

chameleon with 

�1 < n < �1/2
<latexit sha1_base64="7QaR0trSOG92+T/QJYy9WvG8TiE=">AAACK3icbZDLSgMxFIYzXmut2urSTbAIblpniqCLLopu3AgV7EU6pWQyaRuaZIYko5QwT+FWH8GncaW49T1MLwvbeiDw8f/ncE7+IGZUadf9dNbWNza3tjM72d3c3v5BvnDYVFEiMWngiEWyHSBFGBWkoalmpB1LgnjASCsY3Uz81hORikbiQY9j0uVoIGifYqSt9FjyqqJa8s4rvXzRLbvTgqvgzaEI5lXvFZycH0Y44URozJBSHc+NddcgqSlmJM36iSIxwiM0IB2LAnGiumZ6cQpPrRLCfiTtExpO1b8TBnGlxjywnRzpoVr2JuJ/XifR/auuoSJONBF4tqifMKgjOPk+DKkkWLOxBYQltbdCPEQSYW1DyvqCPOOIcyRC44dhavzJBslNmKaLJo9Zau56xpccWkxtft5yWqvQrJQ9y/cXxdr1PMkMOAYn4Ax44BLUwC2ogwbAgIMX8ArenHfnw/lyvmeta8585ggslPPzC4FXpxM=</latexit><latexit sha1_base64="7QaR0trSOG92+T/QJYy9WvG8TiE=">AAACK3icbZDLSgMxFIYzXmut2urSTbAIblpniqCLLopu3AgV7EU6pWQyaRuaZIYko5QwT+FWH8GncaW49T1MLwvbeiDw8f/ncE7+IGZUadf9dNbWNza3tjM72d3c3v5BvnDYVFEiMWngiEWyHSBFGBWkoalmpB1LgnjASCsY3Uz81hORikbiQY9j0uVoIGifYqSt9FjyqqJa8s4rvXzRLbvTgqvgzaEI5lXvFZycH0Y44URozJBSHc+NddcgqSlmJM36iSIxwiM0IB2LAnGiumZ6cQpPrRLCfiTtExpO1b8TBnGlxjywnRzpoVr2JuJ/XifR/auuoSJONBF4tqifMKgjOPk+DKkkWLOxBYQltbdCPEQSYW1DyvqCPOOIcyRC44dhavzJBslNmKaLJo9Zau56xpccWkxtft5yWqvQrJQ9y/cXxdr1PMkMOAYn4Ax44BLUwC2ogwbAgIMX8ArenHfnw/lyvmeta8585ggslPPzC4FXpxM=</latexit><latexit sha1_base64="7QaR0trSOG92+T/QJYy9WvG8TiE=">AAACK3icbZDLSgMxFIYzXmut2urSTbAIblpniqCLLopu3AgV7EU6pWQyaRuaZIYko5QwT+FWH8GncaW49T1MLwvbeiDw8f/ncE7+IGZUadf9dNbWNza3tjM72d3c3v5BvnDYVFEiMWngiEWyHSBFGBWkoalmpB1LgnjASCsY3Uz81hORikbiQY9j0uVoIGifYqSt9FjyqqJa8s4rvXzRLbvTgqvgzaEI5lXvFZycH0Y44URozJBSHc+NddcgqSlmJM36iSIxwiM0IB2LAnGiumZ6cQpPrRLCfiTtExpO1b8TBnGlxjywnRzpoVr2JuJ/XifR/auuoSJONBF4tqifMKgjOPk+DKkkWLOxBYQltbdCPEQSYW1DyvqCPOOIcyRC44dhavzJBslNmKaLJo9Zau56xpccWkxtft5yWqvQrJQ9y/cXxdr1PMkMOAYn4Ax44BLUwC2ogwbAgIMX8ArenHfnw/lyvmeta8585ggslPPzC4FXpxM=</latexit><latexit sha1_base64="7QaR0trSOG92+T/QJYy9WvG8TiE=">AAACK3icbZDLSgMxFIYzXmut2urSTbAIblpniqCLLopu3AgV7EU6pWQyaRuaZIYko5QwT+FWH8GncaW49T1MLwvbeiDw8f/ncE7+IGZUadf9dNbWNza3tjM72d3c3v5BvnDYVFEiMWngiEWyHSBFGBWkoalmpB1LgnjASCsY3Uz81hORikbiQY9j0uVoIGifYqSt9FjyqqJa8s4rvXzRLbvTgqvgzaEI5lXvFZycH0Y44URozJBSHc+NddcgqSlmJM36iSIxwiM0IB2LAnGiumZ6cQpPrRLCfiTtExpO1b8TBnGlxjywnRzpoVr2JuJ/XifR/auuoSJONBF4tqifMKgjOPk+DKkkWLOxBYQltbdCPEQSYW1DyvqCPOOIcyRC44dhavzJBslNmKaLJo9Zau56xpccWkxtft5yWqvQrJQ9y/cXxdr1PMkMOAYn4Ax44BLUwC2ogwbAgIMX8ArenHfnw/lyvmeta8585ggslPPzC4FXpxM=</latexit>



5) Symmetron mechanism



Action

scalar-tensor theory with coupling

choose 

fifth-force:

S = M2
pl

Z
d4x

p
�g


R

2
� 1

2
rµ�rµ�� V (�)

�
+ Sm[A2(�)gµ⌫ ]

<latexit sha1_base64="/i0LwAZxoAAvpE6N7BVeDT/xgy0="></latexit><latexit sha1_base64="/i0LwAZxoAAvpE6N7BVeDT/xgy0="></latexit><latexit sha1_base64="/i0LwAZxoAAvpE6N7BVeDT/xgy0="></latexit><latexit sha1_base64="/i0LwAZxoAAvpE6N7BVeDT/xgy0="></latexit>

F5 = �(�)r�
<latexit sha1_base64="91ulGh7MGswmUTG1Ir4ml1k8TGw="></latexit><latexit sha1_base64="91ulGh7MGswmUTG1Ir4ml1k8TGw="></latexit><latexit sha1_base64="91ulGh7MGswmUTG1Ir4ml1k8TGw="></latexit><latexit sha1_base64="91ulGh7MGswmUTG1Ir4ml1k8TGw="></latexit>

A(�) = 1 + ↵
�2

2
<latexit sha1_base64="G2KlxfzfhdHmojyuGl0P/JmAQnw="></latexit><latexit sha1_base64="G2KlxfzfhdHmojyuGl0P/JmAQnw="></latexit><latexit sha1_base64="G2KlxfzfhdHmojyuGl0P/JmAQnw="></latexit><latexit sha1_base64="G2KlxfzfhdHmojyuGl0P/JmAQnw="></latexit>

�(�) = ↵�
<latexit sha1_base64="s3zX+9zUCQVjq1qh2thM+uE1ygA="></latexit><latexit sha1_base64="s3zX+9zUCQVjq1qh2thM+uE1ygA="></latexit><latexit sha1_base64="s3zX+9zUCQVjq1qh2thM+uE1ygA="></latexit><latexit sha1_base64="s3zX+9zUCQVjq1qh2thM+uE1ygA="></latexit>

V (�) = �1

2
µ2�2 +

�

4
�4

<latexit sha1_base64="dl+jYV8gtKdlI23xv5fPfD/ijT0="></latexit><latexit sha1_base64="dl+jYV8gtKdlI23xv5fPfD/ijT0="></latexit><latexit sha1_base64="dl+jYV8gtKdlI23xv5fPfD/ijT0="></latexit><latexit sha1_base64="dl+jYV8gtKdlI23xv5fPfD/ijT0="></latexit>



Effective potential

Ve↵(�) = �1

2
µ2�2

 
1� ↵

⇢

M4
pl

!
+

�

4
�4

<latexit sha1_base64="zlO2Sdl3ifEyzUL80R8vGqVFxFQ="></latexit><latexit sha1_base64="zlO2Sdl3ifEyzUL80R8vGqVFxFQ="></latexit><latexit sha1_base64="zlO2Sdl3ifEyzUL80R8vGqVFxFQ="></latexit><latexit sha1_base64="zlO2Sdl3ifEyzUL80R8vGqVFxFQ="></latexit>

●
●

⇢ < M4
pl/↵

<latexit sha1_base64="J6Z0K8W1Dk/lPpCivpvSCJXBw+8="></latexit><latexit sha1_base64="J6Z0K8W1Dk/lPpCivpvSCJXBw+8="></latexit><latexit sha1_base64="J6Z0K8W1Dk/lPpCivpvSCJXBw+8="></latexit><latexit sha1_base64="J6Z0K8W1Dk/lPpCivpvSCJXBw+8="></latexit>

symmetry broken

⇢ > M4
pl/↵

<latexit sha1_base64="NoHYwhBoUNJYB3yeLB8gCabN5Yw="></latexit><latexit sha1_base64="NoHYwhBoUNJYB3yeLB8gCabN5Yw="></latexit><latexit sha1_base64="NoHYwhBoUNJYB3yeLB8gCabN5Yw="></latexit><latexit sha1_base64="NoHYwhBoUNJYB3yeLB8gCabN5Yw="></latexit>

symmetry restored

r2� =
dVe↵

d�
<latexit sha1_base64="MVXWrk9ws4c/NpJ0ICG8CRPY2MI="></latexit><latexit sha1_base64="MVXWrk9ws4c/NpJ0ICG8CRPY2MI="></latexit><latexit sha1_base64="MVXWrk9ws4c/NpJ0ICG8CRPY2MI="></latexit><latexit sha1_base64="MVXWrk9ws4c/NpJ0ICG8CRPY2MI="></latexit>



Effective potential

●
●

�(�) = ↵�
<latexit sha1_base64="s3zX+9zUCQVjq1qh2thM+uE1ygA="></latexit><latexit sha1_base64="s3zX+9zUCQVjq1qh2thM+uE1ygA="></latexit><latexit sha1_base64="s3zX+9zUCQVjq1qh2thM+uE1ygA="></latexit><latexit sha1_base64="s3zX+9zUCQVjq1qh2thM+uE1ygA="></latexit>

� = 0 ) � = 0
<latexit sha1_base64="pYHsTljwNQZc/GOGb92PSLrvkBM="></latexit><latexit sha1_base64="pYHsTljwNQZc/GOGb92PSLrvkBM="></latexit><latexit sha1_base64="pYHsTljwNQZc/GOGb92PSLrvkBM="></latexit><latexit sha1_base64="pYHsTljwNQZc/GOGb92PSLrvkBM="></latexit>

screened

F5 = �(�)r�
<latexit sha1_base64="91ulGh7MGswmUTG1Ir4ml1k8TGw="></latexit><latexit sha1_base64="91ulGh7MGswmUTG1Ir4ml1k8TGw="></latexit><latexit sha1_base64="91ulGh7MGswmUTG1Ir4ml1k8TGw="></latexit><latexit sha1_base64="91ulGh7MGswmUTG1Ir4ml1k8TGw="></latexit>

� = µ/
p
� ) � = ↵µ/

p
�

<latexit sha1_base64="w6Qz2LjU9mB7UULKPidBfuHRquQ="></latexit><latexit sha1_base64="w6Qz2LjU9mB7UULKPidBfuHRquQ="></latexit><latexit sha1_base64="w6Qz2LjU9mB7UULKPidBfuHRquQ="></latexit><latexit sha1_base64="w6Qz2LjU9mB7UULKPidBfuHRquQ="></latexit>

unscreened



Screening: the thin-shell effect

low density

high density



Screening: the thin-shell effect

screened

unscreened

screening radius

rs
<latexit sha1_base64="Kz+9ot93M4EXMRl2CV913h0kyXk=">AAACJXicbZDNSgMxFIUz/tZatdWlm2ARXJUZEXRZdONGqGh/oDOUTCZtQ5PMkGSUEuYR3Ooj+DTuRHDlq5hpZ2FbLwQ+zrmXe3PChFGlXffbWVvf2NzaLu2Udyt7+wfV2mFHxanEpI1jFsteiBRhVJC2ppqRXiIJ4iEj3XByk/vdJyIVjcWjniYk4Ggk6JBipK30IAdqUK27DXdWcBW8AuqgqNag5lT8KMYpJ0JjhpTqe26iA4OkppiRrOyniiQIT9CI9C0KxIkKzOzWDJ5aJYLDWNonNJypfycM4kpNeWg7OdJjtezl4n9eP9XDq8BQkaSaCDxfNEwZ1DHMPw4jKgnWbGoBYUntrRCPkURY23jKviDPOOYcicj4UZQZP98guYmybNHkCcvM3cD4kkOLmc3PW05rFTrnDc/y/UW9eV0kWQLH4AScAQ9cgia4BS3QBhiMwAt4BW/Ou/PhfDpf89Y1p5g5Agvl/PwCTbamGA==</latexit><latexit sha1_base64="Kz+9ot93M4EXMRl2CV913h0kyXk=">AAACJXicbZDNSgMxFIUz/tZatdWlm2ARXJUZEXRZdONGqGh/oDOUTCZtQ5PMkGSUEuYR3Ooj+DTuRHDlq5hpZ2FbLwQ+zrmXe3PChFGlXffbWVvf2NzaLu2Udyt7+wfV2mFHxanEpI1jFsteiBRhVJC2ppqRXiIJ4iEj3XByk/vdJyIVjcWjniYk4Ggk6JBipK30IAdqUK27DXdWcBW8AuqgqNag5lT8KMYpJ0JjhpTqe26iA4OkppiRrOyniiQIT9CI9C0KxIkKzOzWDJ5aJYLDWNonNJypfycM4kpNeWg7OdJjtezl4n9eP9XDq8BQkaSaCDxfNEwZ1DHMPw4jKgnWbGoBYUntrRCPkURY23jKviDPOOYcicj4UZQZP98guYmybNHkCcvM3cD4kkOLmc3PW05rFTrnDc/y/UW9eV0kWQLH4AScAQ9cgia4BS3QBhiMwAt4BW/Ou/PhfDpf89Y1p5g5Agvl/PwCTbamGA==</latexit><latexit sha1_base64="Kz+9ot93M4EXMRl2CV913h0kyXk=">AAACJXicbZDNSgMxFIUz/tZatdWlm2ARXJUZEXRZdONGqGh/oDOUTCZtQ5PMkGSUEuYR3Ooj+DTuRHDlq5hpZ2FbLwQ+zrmXe3PChFGlXffbWVvf2NzaLu2Udyt7+wfV2mFHxanEpI1jFsteiBRhVJC2ppqRXiIJ4iEj3XByk/vdJyIVjcWjniYk4Ggk6JBipK30IAdqUK27DXdWcBW8AuqgqNag5lT8KMYpJ0JjhpTqe26iA4OkppiRrOyniiQIT9CI9C0KxIkKzOzWDJ5aJYLDWNonNJypfycM4kpNeWg7OdJjtezl4n9eP9XDq8BQkaSaCDxfNEwZ1DHMPw4jKgnWbGoBYUntrRCPkURY23jKviDPOOYcicj4UZQZP98guYmybNHkCcvM3cD4kkOLmc3PW05rFTrnDc/y/UW9eV0kWQLH4AScAQ9cgia4BS3QBhiMwAt4BW/Ou/PhfDpf89Y1p5g5Agvl/PwCTbamGA==</latexit><latexit sha1_base64="Kz+9ot93M4EXMRl2CV913h0kyXk=">AAACJXicbZDNSgMxFIUz/tZatdWlm2ARXJUZEXRZdONGqGh/oDOUTCZtQ5PMkGSUEuYR3Ooj+DTuRHDlq5hpZ2FbLwQ+zrmXe3PChFGlXffbWVvf2NzaLu2Udyt7+wfV2mFHxanEpI1jFsteiBRhVJC2ppqRXiIJ4iEj3XByk/vdJyIVjcWjniYk4Ggk6JBipK30IAdqUK27DXdWcBW8AuqgqNag5lT8KMYpJ0JjhpTqe26iA4OkppiRrOyniiQIT9CI9C0KxIkKzOzWDJ5aJYLDWNonNJypfycM4kpNeWg7OdJjtezl4n9eP9XDq8BQkaSaCDxfNEwZ1DHMPw4jKgnWbGoBYUntrRCPkURY23jKviDPOOYcicj4UZQZP98guYmybNHkCcvM3cD4kkOLmc3PW05rFTrnDc/y/UW9eV0kWQLH4AScAQ9cgia4BS3QBhiMwAt4BW/Ou/PhfDpf89Y1p5g5Agvl/PwCTbamGA==</latexit>

●
●

�(r)
<latexit sha1_base64="01YgVAvkDDLxGyaXevP+IzD35xs=">AAACKXicbZDLSgMxFIYz9VZr1VaXboJFqJsyI4Iui27cCBXsBTpDyWQybWiSGZKMUsI8hFt9BJ/Gnbr1RUwvC9t6IPDx/+dwTv4wZVRp1/1yChubW9s7xd3SXnn/4LBSPeqoJJOYtHHCEtkLkSKMCtLWVDPSSyVBPGSkG45vp373iUhFE/GoJykJOBoKGlOMtJW6fjqidXk+qNTchjsruA7eAmpgUa1B1Sn7UYIzToTGDCnV99xUBwZJTTEjecnPFEkRHqMh6VsUiBMVmNm9OTyzSgTjRNonNJypfycM4kpNeGg7OdIjtepNxf+8fqbj68BQkWaaCDxfFGcM6gROPw8jKgnWbGIBYUntrRCPkERY24hKviDPOOEcicj4UZQbf7pBchPl+bLJU5ab+4HxJYcWc5uft5rWOnQuGp7lh8ta82aRZBGcgFNQBx64Ak1wB1qgDTAYgxfwCt6cd+fD+XS+560FZzFzDJbK+fkF2QKnXA==</latexit><latexit sha1_base64="01YgVAvkDDLxGyaXevP+IzD35xs=">AAACKXicbZDLSgMxFIYz9VZr1VaXboJFqJsyI4Iui27cCBXsBTpDyWQybWiSGZKMUsI8hFt9BJ/Gnbr1RUwvC9t6IPDx/+dwTv4wZVRp1/1yChubW9s7xd3SXnn/4LBSPeqoJJOYtHHCEtkLkSKMCtLWVDPSSyVBPGSkG45vp373iUhFE/GoJykJOBoKGlOMtJW6fjqidXk+qNTchjsruA7eAmpgUa1B1Sn7UYIzToTGDCnV99xUBwZJTTEjecnPFEkRHqMh6VsUiBMVmNm9OTyzSgTjRNonNJypfycM4kpNeGg7OdIjtepNxf+8fqbj68BQkWaaCDxfFGcM6gROPw8jKgnWbGIBYUntrRCPkERY24hKviDPOOEcicj4UZQbf7pBchPl+bLJU5ab+4HxJYcWc5uft5rWOnQuGp7lh8ta82aRZBGcgFNQBx64Ak1wB1qgDTAYgxfwCt6cd+fD+XS+560FZzFzDJbK+fkF2QKnXA==</latexit><latexit sha1_base64="01YgVAvkDDLxGyaXevP+IzD35xs=">AAACKXicbZDLSgMxFIYz9VZr1VaXboJFqJsyI4Iui27cCBXsBTpDyWQybWiSGZKMUsI8hFt9BJ/Gnbr1RUwvC9t6IPDx/+dwTv4wZVRp1/1yChubW9s7xd3SXnn/4LBSPeqoJJOYtHHCEtkLkSKMCtLWVDPSSyVBPGSkG45vp373iUhFE/GoJykJOBoKGlOMtJW6fjqidXk+qNTchjsruA7eAmpgUa1B1Sn7UYIzToTGDCnV99xUBwZJTTEjecnPFEkRHqMh6VsUiBMVmNm9OTyzSgTjRNonNJypfycM4kpNeGg7OdIjtepNxf+8fqbj68BQkWaaCDxfFGcM6gROPw8jKgnWbGIBYUntrRCPkERY24hKviDPOOEcicj4UZQbf7pBchPl+bLJU5ab+4HxJYcWc5uft5rWOnQuGp7lh8ta82aRZBGcgFNQBx64Ak1wB1qgDTAYgxfwCt6cd+fD+XS+560FZzFzDJbK+fkF2QKnXA==</latexit><latexit sha1_base64="01YgVAvkDDLxGyaXevP+IzD35xs=">AAACKXicbZDLSgMxFIYz9VZr1VaXboJFqJsyI4Iui27cCBXsBTpDyWQybWiSGZKMUsI8hFt9BJ/Gnbr1RUwvC9t6IPDx/+dwTv4wZVRp1/1yChubW9s7xd3SXnn/4LBSPeqoJJOYtHHCEtkLkSKMCtLWVDPSSyVBPGSkG45vp373iUhFE/GoJykJOBoKGlOMtJW6fjqidXk+qNTchjsruA7eAmpgUa1B1Sn7UYIzToTGDCnV99xUBwZJTTEjecnPFEkRHqMh6VsUiBMVmNm9OTyzSgTjRNonNJypfycM4kpNeGg7OdIjtepNxf+8fqbj68BQkWaaCDxfFGcM6gROPw8jKgnWbGIBYUntrRCPkERY24hKviDPOOEcicj4UZQbf7pBchPl+bLJU5ab+4HxJYcWc5uft5rWOnQuGp7lh8ta82aRZBGcgFNQBx64Ak1wB1qgDTAYgxfwCt6cd+fD+XS+560FZzFzDJbK+fkF2QKnXA==</latexit>

●
●



Screening: the thin-shell effect

rs
<latexit sha1_base64="Kz+9ot93M4EXMRl2CV913h0kyXk=">AAACJXicbZDNSgMxFIUz/tZatdWlm2ARXJUZEXRZdONGqGh/oDOUTCZtQ5PMkGSUEuYR3Ooj+DTuRHDlq5hpZ2FbLwQ+zrmXe3PChFGlXffbWVvf2NzaLu2Udyt7+wfV2mFHxanEpI1jFsteiBRhVJC2ppqRXiIJ4iEj3XByk/vdJyIVjcWjniYk4Ggk6JBipK30IAdqUK27DXdWcBW8AuqgqNag5lT8KMYpJ0JjhpTqe26iA4OkppiRrOyniiQIT9CI9C0KxIkKzOzWDJ5aJYLDWNonNJypfycM4kpNeWg7OdJjtezl4n9eP9XDq8BQkaSaCDxfNEwZ1DHMPw4jKgnWbGoBYUntrRCPkURY23jKviDPOOYcicj4UZQZP98guYmybNHkCcvM3cD4kkOLmc3PW05rFTrnDc/y/UW9eV0kWQLH4AScAQ9cgia4BS3QBhiMwAt4BW/Ou/PhfDpf89Y1p5g5Agvl/PwCTbamGA==</latexit><latexit sha1_base64="Kz+9ot93M4EXMRl2CV913h0kyXk=">AAACJXicbZDNSgMxFIUz/tZatdWlm2ARXJUZEXRZdONGqGh/oDOUTCZtQ5PMkGSUEuYR3Ooj+DTuRHDlq5hpZ2FbLwQ+zrmXe3PChFGlXffbWVvf2NzaLu2Udyt7+wfV2mFHxanEpI1jFsteiBRhVJC2ppqRXiIJ4iEj3XByk/vdJyIVjcWjniYk4Ggk6JBipK30IAdqUK27DXdWcBW8AuqgqNag5lT8KMYpJ0JjhpTqe26iA4OkppiRrOyniiQIT9CI9C0KxIkKzOzWDJ5aJYLDWNonNJypfycM4kpNeWg7OdJjtezl4n9eP9XDq8BQkaSaCDxfNEwZ1DHMPw4jKgnWbGoBYUntrRCPkURY23jKviDPOOYcicj4UZQZP98guYmybNHkCcvM3cD4kkOLmc3PW05rFTrnDc/y/UW9eV0kWQLH4AScAQ9cgia4BS3QBhiMwAt4BW/Ou/PhfDpf89Y1p5g5Agvl/PwCTbamGA==</latexit><latexit sha1_base64="Kz+9ot93M4EXMRl2CV913h0kyXk=">AAACJXicbZDNSgMxFIUz/tZatdWlm2ARXJUZEXRZdONGqGh/oDOUTCZtQ5PMkGSUEuYR3Ooj+DTuRHDlq5hpZ2FbLwQ+zrmXe3PChFGlXffbWVvf2NzaLu2Udyt7+wfV2mFHxanEpI1jFsteiBRhVJC2ppqRXiIJ4iEj3XByk/vdJyIVjcWjniYk4Ggk6JBipK30IAdqUK27DXdWcBW8AuqgqNag5lT8KMYpJ0JjhpTqe26iA4OkppiRrOyniiQIT9CI9C0KxIkKzOzWDJ5aJYLDWNonNJypfycM4kpNeWg7OdJjtezl4n9eP9XDq8BQkaSaCDxfNEwZ1DHMPw4jKgnWbGoBYUntrRCPkURY23jKviDPOOYcicj4UZQZP98guYmybNHkCcvM3cD4kkOLmc3PW05rFTrnDc/y/UW9eV0kWQLH4AScAQ9cgia4BS3QBhiMwAt4BW/Ou/PhfDpf89Y1p5g5Agvl/PwCTbamGA==</latexit><latexit sha1_base64="Kz+9ot93M4EXMRl2CV913h0kyXk=">AAACJXicbZDNSgMxFIUz/tZatdWlm2ARXJUZEXRZdONGqGh/oDOUTCZtQ5PMkGSUEuYR3Ooj+DTuRHDlq5hpZ2FbLwQ+zrmXe3PChFGlXffbWVvf2NzaLu2Udyt7+wfV2mFHxanEpI1jFsteiBRhVJC2ppqRXiIJ4iEj3XByk/vdJyIVjcWjniYk4Ggk6JBipK30IAdqUK27DXdWcBW8AuqgqNag5lT8KMYpJ0JjhpTqe26iA4OkppiRrOyniiQIT9CI9C0KxIkKzOzWDJ5aJYLDWNonNJypfycM4kpNeWg7OdJjtezl4n9eP9XDq8BQkaSaCDxfNEwZ1DHMPw4jKgnWbGoBYUntrRCPkURY23jKviDPOOYcicj4UZQZP98guYmybNHkCcvM3cD4kkOLmc3PW05rFTrnDc/y/UW9eV0kWQLH4AScAQ9cgia4BS3QBhiMwAt4BW/Ou/PhfDpf89Y1p5g5Agvl/PwCTbamGA==</latexit>

F5 ⇡ 0
<latexit sha1_base64="mQQlOeAS7ZRShXZwGSliFo/235M=">AAACLnicbZDNSgMxFIUz9b9WbXXpJlgEV2VGFF0WBXEjKFgtdErJZNI2NH8kGbWEeQ23+gg+jeBC3PoYprUL23rhwsc593IvJ1GMGhuGH0FhYXFpeWV1rbhe2tjcKle274zMNCYNLJnUzQQZwqggDUstI02lCeIJI/fJ4Hzk3z8QbagUt3aoSJujnqBdipH1UnzROY6RUlo+wbBTroa1cFxwHqIJVMGkrjuVoBSnEmecCIsZMqYVhcq2HdKWYkbyYpwZohAeoB5peRSIE9N246dzuO+VFHal9i0sHKt/Nxzixgx54ic5sn0z643E/7xWZrunbUeFyiwR+PdQN2PQSjhKAKZUE2zZ0APCmvpfIe4jjbD1ORVjQR6x5ByJ1MVpmrt4dEFzl+b5tMkVy91Vx8WaQ4+5zy+aTWse7g5rkeebo2r9bJLkKtgFe+AAROAE1MEluAYNgIECz+AFvAZvwXvwGXz9jhaCyc4OmKrg+wewhalO</latexit><latexit sha1_base64="mQQlOeAS7ZRShXZwGSliFo/235M=">AAACLnicbZDNSgMxFIUz9b9WbXXpJlgEV2VGFF0WBXEjKFgtdErJZNI2NH8kGbWEeQ23+gg+jeBC3PoYprUL23rhwsc593IvJ1GMGhuGH0FhYXFpeWV1rbhe2tjcKle274zMNCYNLJnUzQQZwqggDUstI02lCeIJI/fJ4Hzk3z8QbagUt3aoSJujnqBdipH1UnzROY6RUlo+wbBTroa1cFxwHqIJVMGkrjuVoBSnEmecCIsZMqYVhcq2HdKWYkbyYpwZohAeoB5peRSIE9N246dzuO+VFHal9i0sHKt/Nxzixgx54ic5sn0z643E/7xWZrunbUeFyiwR+PdQN2PQSjhKAKZUE2zZ0APCmvpfIe4jjbD1ORVjQR6x5ByJ1MVpmrt4dEFzl+b5tMkVy91Vx8WaQ4+5zy+aTWse7g5rkeebo2r9bJLkKtgFe+AAROAE1MEluAYNgIECz+AFvAZvwXvwGXz9jhaCyc4OmKrg+wewhalO</latexit><latexit sha1_base64="mQQlOeAS7ZRShXZwGSliFo/235M=">AAACLnicbZDNSgMxFIUz9b9WbXXpJlgEV2VGFF0WBXEjKFgtdErJZNI2NH8kGbWEeQ23+gg+jeBC3PoYprUL23rhwsc593IvJ1GMGhuGH0FhYXFpeWV1rbhe2tjcKle274zMNCYNLJnUzQQZwqggDUstI02lCeIJI/fJ4Hzk3z8QbagUt3aoSJujnqBdipH1UnzROY6RUlo+wbBTroa1cFxwHqIJVMGkrjuVoBSnEmecCIsZMqYVhcq2HdKWYkbyYpwZohAeoB5peRSIE9N246dzuO+VFHal9i0sHKt/Nxzixgx54ic5sn0z643E/7xWZrunbUeFyiwR+PdQN2PQSjhKAKZUE2zZ0APCmvpfIe4jjbD1ORVjQR6x5ByJ1MVpmrt4dEFzl+b5tMkVy91Vx8WaQ4+5zy+aTWse7g5rkeebo2r9bJLkKtgFe+AAROAE1MEluAYNgIECz+AFvAZvwXvwGXz9jhaCyc4OmKrg+wewhalO</latexit><latexit sha1_base64="mQQlOeAS7ZRShXZwGSliFo/235M=">AAACLnicbZDNSgMxFIUz9b9WbXXpJlgEV2VGFF0WBXEjKFgtdErJZNI2NH8kGbWEeQ23+gg+jeBC3PoYprUL23rhwsc593IvJ1GMGhuGH0FhYXFpeWV1rbhe2tjcKle274zMNCYNLJnUzQQZwqggDUstI02lCeIJI/fJ4Hzk3z8QbagUt3aoSJujnqBdipH1UnzROY6RUlo+wbBTroa1cFxwHqIJVMGkrjuVoBSnEmecCIsZMqYVhcq2HdKWYkbyYpwZohAeoB5peRSIE9N246dzuO+VFHal9i0sHKt/Nxzixgx54ic5sn0z643E/7xWZrunbUeFyiwR+PdQN2PQSjhKAKZUE2zZ0APCmvpfIe4jjbD1ORVjQR6x5ByJ1MVpmrt4dEFzl+b5tMkVy91Vx8WaQ4+5zy+aTWse7g5rkeebo2r9bJLkKtgFe+AAROAE1MEluAYNgIECz+AFvAZvwXvwGXz9jhaCyc4OmKrg+wewhalO</latexit>

R
<latexit sha1_base64="16fQ5XSSxCsppYYmmUdZd6z9bfw=">AAACI3icbZDPSgMxEMaz9V+tVVs9egkWwVPZFUGPRS9ehCpWC92lZLOzGppklySrlLBP4FUfwafxJl48+C6mtQetDgR+fN8MM/ninDNtfP/DqywsLi2vVFdra/X1jc1Gc+taZ4Wi0KMZz1Q/Jho4k9AzzHDo5wqIiDncxKPTiX9zD0qzTF6ZcQ6RILeSpYwS46SLy2Gj5bf9aeG/EMyghWbVHTa9ephktBAgDeVE60Hg5yayRBlGOZS1sNCQEzoitzBwKIkAHdnppSXec0qC00y5Jw2eqj8nLBFaj0XsOgUxd3rem4j/eYPCpMeRZTIvDEj6vSgtODYZnnwbJ0wBNXzsgFDF3K2Y3hFFqHHh1EIJDzQTgsjEhklS2nCyQQmblOVvU+S8tOdDGyqBHZYuv2A+rb9wfdAOHF8ctjonsySraAfton0UoCPUQWeoi3qIIkCP6Ak9ey/eq/fmvX+3VrzZzDb6Vd7nF1uHpRI=</latexit><latexit sha1_base64="16fQ5XSSxCsppYYmmUdZd6z9bfw=">AAACI3icbZDPSgMxEMaz9V+tVVs9egkWwVPZFUGPRS9ehCpWC92lZLOzGppklySrlLBP4FUfwafxJl48+C6mtQetDgR+fN8MM/ninDNtfP/DqywsLi2vVFdra/X1jc1Gc+taZ4Wi0KMZz1Q/Jho4k9AzzHDo5wqIiDncxKPTiX9zD0qzTF6ZcQ6RILeSpYwS46SLy2Gj5bf9aeG/EMyghWbVHTa9ephktBAgDeVE60Hg5yayRBlGOZS1sNCQEzoitzBwKIkAHdnppSXec0qC00y5Jw2eqj8nLBFaj0XsOgUxd3rem4j/eYPCpMeRZTIvDEj6vSgtODYZnnwbJ0wBNXzsgFDF3K2Y3hFFqHHh1EIJDzQTgsjEhklS2nCyQQmblOVvU+S8tOdDGyqBHZYuv2A+rb9wfdAOHF8ctjonsySraAfton0UoCPUQWeoi3qIIkCP6Ak9ey/eq/fmvX+3VrzZzDb6Vd7nF1uHpRI=</latexit><latexit sha1_base64="16fQ5XSSxCsppYYmmUdZd6z9bfw=">AAACI3icbZDPSgMxEMaz9V+tVVs9egkWwVPZFUGPRS9ehCpWC92lZLOzGppklySrlLBP4FUfwafxJl48+C6mtQetDgR+fN8MM/ninDNtfP/DqywsLi2vVFdra/X1jc1Gc+taZ4Wi0KMZz1Q/Jho4k9AzzHDo5wqIiDncxKPTiX9zD0qzTF6ZcQ6RILeSpYwS46SLy2Gj5bf9aeG/EMyghWbVHTa9ephktBAgDeVE60Hg5yayRBlGOZS1sNCQEzoitzBwKIkAHdnppSXec0qC00y5Jw2eqj8nLBFaj0XsOgUxd3rem4j/eYPCpMeRZTIvDEj6vSgtODYZnnwbJ0wBNXzsgFDF3K2Y3hFFqHHh1EIJDzQTgsjEhklS2nCyQQmblOVvU+S8tOdDGyqBHZYuv2A+rb9wfdAOHF8ctjonsySraAfton0UoCPUQWeoi3qIIkCP6Ak9ey/eq/fmvX+3VrzZzDb6Vd7nF1uHpRI=</latexit><latexit sha1_base64="16fQ5XSSxCsppYYmmUdZd6z9bfw=">AAACI3icbZDPSgMxEMaz9V+tVVs9egkWwVPZFUGPRS9ehCpWC92lZLOzGppklySrlLBP4FUfwafxJl48+C6mtQetDgR+fN8MM/ninDNtfP/DqywsLi2vVFdra/X1jc1Gc+taZ4Wi0KMZz1Q/Jho4k9AzzHDo5wqIiDncxKPTiX9zD0qzTF6ZcQ6RILeSpYwS46SLy2Gj5bf9aeG/EMyghWbVHTa9ephktBAgDeVE60Hg5yayRBlGOZS1sNCQEzoitzBwKIkAHdnppSXec0qC00y5Jw2eqj8nLBFaj0XsOgUxd3rem4j/eYPCpMeRZTIvDEj6vSgtODYZnnwbJ0wBNXzsgFDF3K2Y3hFFqHHh1EIJDzQTgsjEhklS2nCyQQmblOVvU+S8tOdDGyqBHZYuv2A+rb9wfdAOHF8ctjonsySraAfton0UoCPUQWeoi3qIIkCP6Ak9ey/eq/fmvX+3VrzZzDb6Vd7nF1uHpRI=</latexit>

screened: rs ⇡ R
<latexit sha1_base64="4cd7xw93YAbw0BT7tdxMvZqHrRo=">AAACLnicbZDLSgMxFIYz9V6rVl26CRbBlcyIoMuiGzdCFauFzjBkMqmG5kaSUUuY13Crj+DTCC7ErY9hello64EDH/9/DufwZ4pRY8PwI6jMzS8sLi2vVFdra+sb9c2tGyMLjUkbSyZ1J0OGMCpI21LLSEdpgnjGyG3WPxv6tw9EGyrFtR0oknB0J2iPYmS9FOvUxEgpLZ/gVVpvhAfhqOAsRBNogEm10s2gFucSF5wIixkyphuFyiYOaUsxI2U1LgxRCPfRHel6FIgTk7jR0yXc80oOe1L7FhaO1N8bDnFjBjzzkxzZezPtDcX/vG5heyeJo0IVlgg8PtQrGLQSDhOAOdUEWzbwgLCm/leI75FG2PqcqrEgj1hyjkTu4jwvXTy8oLnLy/KvyRUr3UXqYs2hx9LnF02nNQs3hweR58ujRvN0kuQy2AG7YB9E4Bg0wTlogTbAQIFn8AJeg7fgPfgMvsajlWCysw3+VPD9A6kaqdo=</latexit><latexit sha1_base64="4cd7xw93YAbw0BT7tdxMvZqHrRo=">AAACLnicbZDLSgMxFIYz9V6rVl26CRbBlcyIoMuiGzdCFauFzjBkMqmG5kaSUUuY13Crj+DTCC7ErY9hello64EDH/9/DufwZ4pRY8PwI6jMzS8sLi2vVFdra+sb9c2tGyMLjUkbSyZ1J0OGMCpI21LLSEdpgnjGyG3WPxv6tw9EGyrFtR0oknB0J2iPYmS9FOvUxEgpLZ/gVVpvhAfhqOAsRBNogEm10s2gFucSF5wIixkyphuFyiYOaUsxI2U1LgxRCPfRHel6FIgTk7jR0yXc80oOe1L7FhaO1N8bDnFjBjzzkxzZezPtDcX/vG5heyeJo0IVlgg8PtQrGLQSDhOAOdUEWzbwgLCm/leI75FG2PqcqrEgj1hyjkTu4jwvXTy8oLnLy/KvyRUr3UXqYs2hx9LnF02nNQs3hweR58ujRvN0kuQy2AG7YB9E4Bg0wTlogTbAQIFn8AJeg7fgPfgMvsajlWCysw3+VPD9A6kaqdo=</latexit><latexit sha1_base64="4cd7xw93YAbw0BT7tdxMvZqHrRo=">AAACLnicbZDLSgMxFIYz9V6rVl26CRbBlcyIoMuiGzdCFauFzjBkMqmG5kaSUUuY13Crj+DTCC7ErY9hello64EDH/9/DufwZ4pRY8PwI6jMzS8sLi2vVFdra+sb9c2tGyMLjUkbSyZ1J0OGMCpI21LLSEdpgnjGyG3WPxv6tw9EGyrFtR0oknB0J2iPYmS9FOvUxEgpLZ/gVVpvhAfhqOAsRBNogEm10s2gFucSF5wIixkyphuFyiYOaUsxI2U1LgxRCPfRHel6FIgTk7jR0yXc80oOe1L7FhaO1N8bDnFjBjzzkxzZezPtDcX/vG5heyeJo0IVlgg8PtQrGLQSDhOAOdUEWzbwgLCm/leI75FG2PqcqrEgj1hyjkTu4jwvXTy8oLnLy/KvyRUr3UXqYs2hx9LnF02nNQs3hweR58ujRvN0kuQy2AG7YB9E4Bg0wTlogTbAQIFn8AJeg7fgPfgMvsajlWCysw3+VPD9A6kaqdo=</latexit><latexit sha1_base64="4cd7xw93YAbw0BT7tdxMvZqHrRo=">AAACLnicbZDLSgMxFIYz9V6rVl26CRbBlcyIoMuiGzdCFauFzjBkMqmG5kaSUUuY13Crj+DTCC7ErY9hello64EDH/9/DufwZ4pRY8PwI6jMzS8sLi2vVFdra+sb9c2tGyMLjUkbSyZ1J0OGMCpI21LLSEdpgnjGyG3WPxv6tw9EGyrFtR0oknB0J2iPYmS9FOvUxEgpLZ/gVVpvhAfhqOAsRBNogEm10s2gFucSF5wIixkyphuFyiYOaUsxI2U1LgxRCPfRHel6FIgTk7jR0yXc80oOe1L7FhaO1N8bDnFjBjzzkxzZezPtDcX/vG5heyeJo0IVlgg8PtQrGLQSDhOAOdUEWzbwgLCm/leI75FG2PqcqrEgj1hyjkTu4jwvXTy8oLnLy/KvyRUr3UXqYs2hx9LnF02nNQs3hweR58ujRvN0kuQy2AG7YB9E4Bg0wTlogTbAQIFn8AJeg7fgPfgMvsajlWCysw3+VPD9A6kaqdo=</latexit>

unscreened: rs ⌧ R
<latexit sha1_base64="6A73pMxj9QnJSTEzGu5UrzLRSsM=">AAACKnicbZDNSgMxFIUz/tZatdWlm2ARXJUZEXRZdONGqGJ/oDMMmUzahiaZIckoJcxLuNVH8GncFbc+iGk7C9t6IfBxzr3cmxOljCrtulNnY3Nre2e3tFferxwcHlVrxx2VZBKTNk5YInsRUoRRQdqaakZ6qSSIR4x0o/HdzO++EKloIp71JCUBR0NBBxQjbaWeDJXPGHwKq3W34c4LroNXQB0U1QprTsWPE5xxIjRmSKm+56Y6MEhqihnJy36mSIrwGA1J36JAnKjAzA/O4blVYjhIpH1Cw7n6d8IgrtSER7aTIz1Sq95M/M/rZ3pwExgq0kwTgReLBhmDOoGz38OYSoI1m1hAWFJ7K8QjJBHWNqOyL8grTjhHIjZ+HOfGn22Q3MR5vmzylOXmITS+5NBibvPzVtNah85lw7P8eFVv3hZJlsApOAMXwAPXoAnuQQu0AQYMvIF38OF8Ol/O1PletG44xcwJWCrn5xfygKfw</latexit><latexit sha1_base64="6A73pMxj9QnJSTEzGu5UrzLRSsM=">AAACKnicbZDNSgMxFIUz/tZatdWlm2ARXJUZEXRZdONGqGJ/oDMMmUzahiaZIckoJcxLuNVH8GncFbc+iGk7C9t6IfBxzr3cmxOljCrtulNnY3Nre2e3tFferxwcHlVrxx2VZBKTNk5YInsRUoRRQdqaakZ6qSSIR4x0o/HdzO++EKloIp71JCUBR0NBBxQjbaWeDJXPGHwKq3W34c4LroNXQB0U1QprTsWPE5xxIjRmSKm+56Y6MEhqihnJy36mSIrwGA1J36JAnKjAzA/O4blVYjhIpH1Cw7n6d8IgrtSER7aTIz1Sq95M/M/rZ3pwExgq0kwTgReLBhmDOoGz38OYSoI1m1hAWFJ7K8QjJBHWNqOyL8grTjhHIjZ+HOfGn22Q3MR5vmzylOXmITS+5NBibvPzVtNah85lw7P8eFVv3hZJlsApOAMXwAPXoAnuQQu0AQYMvIF38OF8Ol/O1PletG44xcwJWCrn5xfygKfw</latexit><latexit sha1_base64="6A73pMxj9QnJSTEzGu5UrzLRSsM=">AAACKnicbZDNSgMxFIUz/tZatdWlm2ARXJUZEXRZdONGqGJ/oDMMmUzahiaZIckoJcxLuNVH8GncFbc+iGk7C9t6IfBxzr3cmxOljCrtulNnY3Nre2e3tFferxwcHlVrxx2VZBKTNk5YInsRUoRRQdqaakZ6qSSIR4x0o/HdzO++EKloIp71JCUBR0NBBxQjbaWeDJXPGHwKq3W34c4LroNXQB0U1QprTsWPE5xxIjRmSKm+56Y6MEhqihnJy36mSIrwGA1J36JAnKjAzA/O4blVYjhIpH1Cw7n6d8IgrtSER7aTIz1Sq95M/M/rZ3pwExgq0kwTgReLBhmDOoGz38OYSoI1m1hAWFJ7K8QjJBHWNqOyL8grTjhHIjZ+HOfGn22Q3MR5vmzylOXmITS+5NBibvPzVtNah85lw7P8eFVv3hZJlsApOAMXwAPXoAnuQQu0AQYMvIF38OF8Ol/O1PletG44xcwJWCrn5xfygKfw</latexit><latexit sha1_base64="6A73pMxj9QnJSTEzGu5UrzLRSsM=">AAACKnicbZDNSgMxFIUz/tZatdWlm2ARXJUZEXRZdONGqGJ/oDMMmUzahiaZIckoJcxLuNVH8GncFbc+iGk7C9t6IfBxzr3cmxOljCrtulNnY3Nre2e3tFferxwcHlVrxx2VZBKTNk5YInsRUoRRQdqaakZ6qSSIR4x0o/HdzO++EKloIp71JCUBR0NBBxQjbaWeDJXPGHwKq3W34c4LroNXQB0U1QprTsWPE5xxIjRmSKm+56Y6MEhqihnJy36mSIrwGA1J36JAnKjAzA/O4blVYjhIpH1Cw7n6d8IgrtSER7aTIz1Sq95M/M/rZ3pwExgq0kwTgReLBhmDOoGz38OYSoI1m1hAWFJ7K8QjJBHWNqOyL8grTjhHIjZ+HOfGn22Q3MR5vmzylOXmITS+5NBibvPzVtNah85lw7P8eFVv3hZJlsApOAMXwAPXoAnuQQu0AQYMvIF38OF8Ol/O1PletG44xcwJWCrn5xfygKfw</latexit>

F5 = 2
↵2

�

GM(R)

r2


1� M(rs)

M(R)

�
e�µr

<latexit sha1_base64="GW/ky9XmJuck7pjvMZGDyetHsos="></latexit><latexit sha1_base64="GW/ky9XmJuck7pjvMZGDyetHsos="></latexit><latexit sha1_base64="GW/ky9XmJuck7pjvMZGDyetHsos="></latexit><latexit sha1_base64="GW/ky9XmJuck7pjvMZGDyetHsos="></latexit>

F5 = 2
↵2

�

GM(R)

r2


1� M(rs)

M(r)

�

<latexit sha1_base64="ga2NU4IdZqxg2H1EvCaNjOjkuzo="></latexit><latexit sha1_base64="ga2NU4IdZqxg2H1EvCaNjOjkuzo="></latexit><latexit sha1_base64="ga2NU4IdZqxg2H1EvCaNjOjkuzo="></latexit><latexit sha1_base64="ga2NU4IdZqxg2H1EvCaNjOjkuzo="></latexit>



6) Unified description of 
screening



Astrophysical screening
I.e. what everyone in this room cares about

rs
<latexit sha1_base64="Kz+9ot93M4EXMRl2CV913h0kyXk=">AAACJXicbZDNSgMxFIUz/tZatdWlm2ARXJUZEXRZdONGqGh/oDOUTCZtQ5PMkGSUEuYR3Ooj+DTuRHDlq5hpZ2FbLwQ+zrmXe3PChFGlXffbWVvf2NzaLu2Udyt7+wfV2mFHxanEpI1jFsteiBRhVJC2ppqRXiIJ4iEj3XByk/vdJyIVjcWjniYk4Ggk6JBipK30IAdqUK27DXdWcBW8AuqgqNag5lT8KMYpJ0JjhpTqe26iA4OkppiRrOyniiQIT9CI9C0KxIkKzOzWDJ5aJYLDWNonNJypfycM4kpNeWg7OdJjtezl4n9eP9XDq8BQkaSaCDxfNEwZ1DHMPw4jKgnWbGoBYUntrRCPkURY23jKviDPOOYcicj4UZQZP98guYmybNHkCcvM3cD4kkOLmc3PW05rFTrnDc/y/UW9eV0kWQLH4AScAQ9cgia4BS3QBhiMwAt4BW/Ou/PhfDpf89Y1p5g5Agvl/PwCTbamGA==</latexit><latexit sha1_base64="Kz+9ot93M4EXMRl2CV913h0kyXk=">AAACJXicbZDNSgMxFIUz/tZatdWlm2ARXJUZEXRZdONGqGh/oDOUTCZtQ5PMkGSUEuYR3Ooj+DTuRHDlq5hpZ2FbLwQ+zrmXe3PChFGlXffbWVvf2NzaLu2Udyt7+wfV2mFHxanEpI1jFsteiBRhVJC2ppqRXiIJ4iEj3XByk/vdJyIVjcWjniYk4Ggk6JBipK30IAdqUK27DXdWcBW8AuqgqNag5lT8KMYpJ0JjhpTqe26iA4OkppiRrOyniiQIT9CI9C0KxIkKzOzWDJ5aJYLDWNonNJypfycM4kpNeWg7OdJjtezl4n9eP9XDq8BQkaSaCDxfNEwZ1DHMPw4jKgnWbGoBYUntrRCPkURY23jKviDPOOYcicj4UZQZP98guYmybNHkCcvM3cD4kkOLmc3PW05rFTrnDc/y/UW9eV0kWQLH4AScAQ9cgia4BS3QBhiMwAt4BW/Ou/PhfDpf89Y1p5g5Agvl/PwCTbamGA==</latexit><latexit sha1_base64="Kz+9ot93M4EXMRl2CV913h0kyXk=">AAACJXicbZDNSgMxFIUz/tZatdWlm2ARXJUZEXRZdONGqGh/oDOUTCZtQ5PMkGSUEuYR3Ooj+DTuRHDlq5hpZ2FbLwQ+zrmXe3PChFGlXffbWVvf2NzaLu2Udyt7+wfV2mFHxanEpI1jFsteiBRhVJC2ppqRXiIJ4iEj3XByk/vdJyIVjcWjniYk4Ggk6JBipK30IAdqUK27DXdWcBW8AuqgqNag5lT8KMYpJ0JjhpTqe26iA4OkppiRrOyniiQIT9CI9C0KxIkKzOzWDJ5aJYLDWNonNJypfycM4kpNeWg7OdJjtezl4n9eP9XDq8BQkaSaCDxfNEwZ1DHMPw4jKgnWbGoBYUntrRCPkURY23jKviDPOOYcicj4UZQZP98guYmybNHkCcvM3cD4kkOLmc3PW05rFTrnDc/y/UW9eV0kWQLH4AScAQ9cgia4BS3QBhiMwAt4BW/Ou/PhfDpf89Y1p5g5Agvl/PwCTbamGA==</latexit><latexit sha1_base64="Kz+9ot93M4EXMRl2CV913h0kyXk=">AAACJXicbZDNSgMxFIUz/tZatdWlm2ARXJUZEXRZdONGqGh/oDOUTCZtQ5PMkGSUEuYR3Ooj+DTuRHDlq5hpZ2FbLwQ+zrmXe3PChFGlXffbWVvf2NzaLu2Udyt7+wfV2mFHxanEpI1jFsteiBRhVJC2ppqRXiIJ4iEj3XByk/vdJyIVjcWjniYk4Ggk6JBipK30IAdqUK27DXdWcBW8AuqgqNag5lT8KMYpJ0JjhpTqe26iA4OkppiRrOyniiQIT9CI9C0KxIkKzOzWDJ5aJYLDWNonNJypfycM4kpNeWg7OdJjtezl4n9eP9XDq8BQkaSaCDxfNEwZ1DHMPw4jKgnWbGoBYUntrRCPkURY23jKviDPOOYcicj4UZQZP98guYmybNHkCcvM3cD4kkOLmc3PW05rFTrnDc/y/UW9eV0kWQLH4AScAQ9cgia4BS3QBhiMwAt4BW/Ou/PhfDpf89Y1p5g5Agvl/PwCTbamGA==</latexit>

F5 ⇡ 0
<latexit sha1_base64="mQQlOeAS7ZRShXZwGSliFo/235M=">AAACLnicbZDNSgMxFIUz9b9WbXXpJlgEV2VGFF0WBXEjKFgtdErJZNI2NH8kGbWEeQ23+gg+jeBC3PoYprUL23rhwsc593IvJ1GMGhuGH0FhYXFpeWV1rbhe2tjcKle274zMNCYNLJnUzQQZwqggDUstI02lCeIJI/fJ4Hzk3z8QbagUt3aoSJujnqBdipH1UnzROY6RUlo+wbBTroa1cFxwHqIJVMGkrjuVoBSnEmecCIsZMqYVhcq2HdKWYkbyYpwZohAeoB5peRSIE9N246dzuO+VFHal9i0sHKt/Nxzixgx54ic5sn0z643E/7xWZrunbUeFyiwR+PdQN2PQSjhKAKZUE2zZ0APCmvpfIe4jjbD1ORVjQR6x5ByJ1MVpmrt4dEFzl+b5tMkVy91Vx8WaQ4+5zy+aTWse7g5rkeebo2r9bJLkKtgFe+AAROAE1MEluAYNgIECz+AFvAZvwXvwGXz9jhaCyc4OmKrg+wewhalO</latexit><latexit sha1_base64="mQQlOeAS7ZRShXZwGSliFo/235M=">AAACLnicbZDNSgMxFIUz9b9WbXXpJlgEV2VGFF0WBXEjKFgtdErJZNI2NH8kGbWEeQ23+gg+jeBC3PoYprUL23rhwsc593IvJ1GMGhuGH0FhYXFpeWV1rbhe2tjcKle274zMNCYNLJnUzQQZwqggDUstI02lCeIJI/fJ4Hzk3z8QbagUt3aoSJujnqBdipH1UnzROY6RUlo+wbBTroa1cFxwHqIJVMGkrjuVoBSnEmecCIsZMqYVhcq2HdKWYkbyYpwZohAeoB5peRSIE9N246dzuO+VFHal9i0sHKt/Nxzixgx54ic5sn0z643E/7xWZrunbUeFyiwR+PdQN2PQSjhKAKZUE2zZ0APCmvpfIe4jjbD1ORVjQR6x5ByJ1MVpmrt4dEFzl+b5tMkVy91Vx8WaQ4+5zy+aTWse7g5rkeebo2r9bJLkKtgFe+AAROAE1MEluAYNgIECz+AFvAZvwXvwGXz9jhaCyc4OmKrg+wewhalO</latexit><latexit sha1_base64="mQQlOeAS7ZRShXZwGSliFo/235M=">AAACLnicbZDNSgMxFIUz9b9WbXXpJlgEV2VGFF0WBXEjKFgtdErJZNI2NH8kGbWEeQ23+gg+jeBC3PoYprUL23rhwsc593IvJ1GMGhuGH0FhYXFpeWV1rbhe2tjcKle274zMNCYNLJnUzQQZwqggDUstI02lCeIJI/fJ4Hzk3z8QbagUt3aoSJujnqBdipH1UnzROY6RUlo+wbBTroa1cFxwHqIJVMGkrjuVoBSnEmecCIsZMqYVhcq2HdKWYkbyYpwZohAeoB5peRSIE9N246dzuO+VFHal9i0sHKt/Nxzixgx54ic5sn0z643E/7xWZrunbUeFyiwR+PdQN2PQSjhKAKZUE2zZ0APCmvpfIe4jjbD1ORVjQR6x5ByJ1MVpmrt4dEFzl+b5tMkVy91Vx8WaQ4+5zy+aTWse7g5rkeebo2r9bJLkKtgFe+AAROAE1MEluAYNgIECz+AFvAZvwXvwGXz9jhaCyc4OmKrg+wewhalO</latexit><latexit sha1_base64="mQQlOeAS7ZRShXZwGSliFo/235M=">AAACLnicbZDNSgMxFIUz9b9WbXXpJlgEV2VGFF0WBXEjKFgtdErJZNI2NH8kGbWEeQ23+gg+jeBC3PoYprUL23rhwsc593IvJ1GMGhuGH0FhYXFpeWV1rbhe2tjcKle274zMNCYNLJnUzQQZwqggDUstI02lCeIJI/fJ4Hzk3z8QbagUt3aoSJujnqBdipH1UnzROY6RUlo+wbBTroa1cFxwHqIJVMGkrjuVoBSnEmecCIsZMqYVhcq2HdKWYkbyYpwZohAeoB5peRSIE9N246dzuO+VFHal9i0sHKt/Nxzixgx54ic5sn0z643E/7xWZrunbUeFyiwR+PdQN2PQSjhKAKZUE2zZ0APCmvpfIe4jjbD1ORVjQR6x5ByJ1MVpmrt4dEFzl+b5tMkVy91Vx8WaQ4+5zy+aTWse7g5rkeebo2r9bJLkKtgFe+AAROAE1MEluAYNgIECz+AFvAZvwXvwGXz9jhaCyc4OmKrg+wewhalO</latexit>

F5 = 2�2GM(R)

r2


1� M(rs)

M(r)

�
e�meffr

<latexit sha1_base64="CpRrx1fepnnWMCIbjAuGOxVRbSI="></latexit><latexit sha1_base64="CpRrx1fepnnWMCIbjAuGOxVRbSI="></latexit><latexit sha1_base64="CpRrx1fepnnWMCIbjAuGOxVRbSI="></latexit><latexit sha1_base64="CpRrx1fepnnWMCIbjAuGOxVRbSI="></latexit>

�1
<latexit sha1_base64="8dR2XDdtybFwDkVjcK8+bqHtp30=">AAACLXicbZDLSgMxFIYz9VZr1VaXboJFcFVmRNBl0Y0boYK9QKeUTCbThuYyJBmlhHkMt/oIPo0LQdz6GqaXhW09cODj/8/hHP4oZVQb3//0ChubW9s7xd3SXnn/4LBSPWprmSlMWlgyqboR0oRRQVqGGka6qSKIR4x0ovHt1O88EaWpFI9mkpI+R0NBE4qRcVIvTEd0EFKRmMmgUvPr/qzgOgQLqIFFNQdVrxzGEmecCIMZ0roX+KnpW6QMxYzkpTDTJEV4jIak51AgTnTfzn7O4ZlTYphI5VoYOFP/bljEtZ7wyE1yZEZ61ZuK/3m9zCTXfUtFmhki8PxQkjFoJJwGAGOqCDZs4gBhRd2vEI+QQti4mEqhIM9Yco5EbMM4zm04vaC4jfN82eQpy+39wIaKQ4e5yy9YTWsd2hf1wPHDZa1xs0iyCE7AKTgHAbgCDXAHmqAFMJDgBbyCN+/d+/C+vO/5aMFb7ByDpfJ+fgE1Samm</latexit><latexit sha1_base64="8dR2XDdtybFwDkVjcK8+bqHtp30=">AAACLXicbZDLSgMxFIYz9VZr1VaXboJFcFVmRNBl0Y0boYK9QKeUTCbThuYyJBmlhHkMt/oIPo0LQdz6GqaXhW09cODj/8/hHP4oZVQb3//0ChubW9s7xd3SXnn/4LBSPWprmSlMWlgyqboR0oRRQVqGGka6qSKIR4x0ovHt1O88EaWpFI9mkpI+R0NBE4qRcVIvTEd0EFKRmMmgUvPr/qzgOgQLqIFFNQdVrxzGEmecCIMZ0roX+KnpW6QMxYzkpTDTJEV4jIak51AgTnTfzn7O4ZlTYphI5VoYOFP/bljEtZ7wyE1yZEZ61ZuK/3m9zCTXfUtFmhki8PxQkjFoJJwGAGOqCDZs4gBhRd2vEI+QQti4mEqhIM9Yco5EbMM4zm04vaC4jfN82eQpy+39wIaKQ4e5yy9YTWsd2hf1wPHDZa1xs0iyCE7AKTgHAbgCDXAHmqAFMJDgBbyCN+/d+/C+vO/5aMFb7ByDpfJ+fgE1Samm</latexit><latexit sha1_base64="8dR2XDdtybFwDkVjcK8+bqHtp30=">AAACLXicbZDLSgMxFIYz9VZr1VaXboJFcFVmRNBl0Y0boYK9QKeUTCbThuYyJBmlhHkMt/oIPo0LQdz6GqaXhW09cODj/8/hHP4oZVQb3//0ChubW9s7xd3SXnn/4LBSPWprmSlMWlgyqboR0oRRQVqGGka6qSKIR4x0ovHt1O88EaWpFI9mkpI+R0NBE4qRcVIvTEd0EFKRmMmgUvPr/qzgOgQLqIFFNQdVrxzGEmecCIMZ0roX+KnpW6QMxYzkpTDTJEV4jIak51AgTnTfzn7O4ZlTYphI5VoYOFP/bljEtZ7wyE1yZEZ61ZuK/3m9zCTXfUtFmhki8PxQkjFoJJwGAGOqCDZs4gBhRd2vEI+QQti4mEqhIM9Yco5EbMM4zm04vaC4jfN82eQpy+39wIaKQ4e5yy9YTWsd2hf1wPHDZa1xs0iyCE7AKTgHAbgCDXAHmqAFMJDgBbyCN+/d+/C+vO/5aMFb7ByDpfJ+fgE1Samm</latexit><latexit sha1_base64="8dR2XDdtybFwDkVjcK8+bqHtp30=">AAACLXicbZDLSgMxFIYz9VZr1VaXboJFcFVmRNBl0Y0boYK9QKeUTCbThuYyJBmlhHkMt/oIPo0LQdz6GqaXhW09cODj/8/hHP4oZVQb3//0ChubW9s7xd3SXnn/4LBSPWprmSlMWlgyqboR0oRRQVqGGka6qSKIR4x0ovHt1O88EaWpFI9mkpI+R0NBE4qRcVIvTEd0EFKRmMmgUvPr/qzgOgQLqIFFNQdVrxzGEmecCIMZ0roX+KnpW6QMxYzkpTDTJEV4jIak51AgTnTfzn7O4ZlTYphI5VoYOFP/bljEtZ7wyE1yZEZ61ZuK/3m9zCTXfUtFmhki8PxQkjFoJJwGAGOqCDZs4gBhRd2vEI+QQti4mEqhIM9Yco5EbMM4zm04vaC4jfN82eQpy+39wIaKQ4e5yy9YTWsd2hf1wPHDZa1xs0iyCE7AKTgHAbgCDXAHmqAFMJDgBbyCN+/d+/C+vO/5aMFb7ByDpfJ+fgE1Samm</latexit>

F5 = 2
↵2

�

GM(R)

r2


1� M(rs)

M(R)

�
e�µr

<latexit sha1_base64="GW/ky9XmJuck7pjvMZGDyetHsos="></latexit><latexit sha1_base64="GW/ky9XmJuck7pjvMZGDyetHsos="></latexit><latexit sha1_base64="GW/ky9XmJuck7pjvMZGDyetHsos="></latexit><latexit sha1_base64="GW/ky9XmJuck7pjvMZGDyetHsos="></latexit>

(chameleon)

(symmetron)

cosmology: me↵ ⇠ µ ⇠ Gpc�1
<latexit sha1_base64="u6pVYxpYiEdbFz7CN7yYOOnQ6NE="></latexit><latexit sha1_base64="u6pVYxpYiEdbFz7CN7yYOOnQ6NE="></latexit><latexit sha1_base64="u6pVYxpYiEdbFz7CN7yYOOnQ6NE="></latexit><latexit sha1_base64="u6pVYxpYiEdbFz7CN7yYOOnQ6NE="></latexit>

ignore mass on small scales



Astrophysical screening

rs
<latexit sha1_base64="Kz+9ot93M4EXMRl2CV913h0kyXk=">AAACJXicbZDNSgMxFIUz/tZatdWlm2ARXJUZEXRZdONGqGh/oDOUTCZtQ5PMkGSUEuYR3Ooj+DTuRHDlq5hpZ2FbLwQ+zrmXe3PChFGlXffbWVvf2NzaLu2Udyt7+wfV2mFHxanEpI1jFsteiBRhVJC2ppqRXiIJ4iEj3XByk/vdJyIVjcWjniYk4Ggk6JBipK30IAdqUK27DXdWcBW8AuqgqNag5lT8KMYpJ0JjhpTqe26iA4OkppiRrOyniiQIT9CI9C0KxIkKzOzWDJ5aJYLDWNonNJypfycM4kpNeWg7OdJjtezl4n9eP9XDq8BQkaSaCDxfNEwZ1DHMPw4jKgnWbGoBYUntrRCPkURY23jKviDPOOYcicj4UZQZP98guYmybNHkCcvM3cD4kkOLmc3PW05rFTrnDc/y/UW9eV0kWQLH4AScAQ9cgia4BS3QBhiMwAt4BW/Ou/PhfDpf89Y1p5g5Agvl/PwCTbamGA==</latexit><latexit sha1_base64="Kz+9ot93M4EXMRl2CV913h0kyXk=">AAACJXicbZDNSgMxFIUz/tZatdWlm2ARXJUZEXRZdONGqGh/oDOUTCZtQ5PMkGSUEuYR3Ooj+DTuRHDlq5hpZ2FbLwQ+zrmXe3PChFGlXffbWVvf2NzaLu2Udyt7+wfV2mFHxanEpI1jFsteiBRhVJC2ppqRXiIJ4iEj3XByk/vdJyIVjcWjniYk4Ggk6JBipK30IAdqUK27DXdWcBW8AuqgqNag5lT8KMYpJ0JjhpTqe26iA4OkppiRrOyniiQIT9CI9C0KxIkKzOzWDJ5aJYLDWNonNJypfycM4kpNeWg7OdJjtezl4n9eP9XDq8BQkaSaCDxfNEwZ1DHMPw4jKgnWbGoBYUntrRCPkURY23jKviDPOOYcicj4UZQZP98guYmybNHkCcvM3cD4kkOLmc3PW05rFTrnDc/y/UW9eV0kWQLH4AScAQ9cgia4BS3QBhiMwAt4BW/Ou/PhfDpf89Y1p5g5Agvl/PwCTbamGA==</latexit><latexit sha1_base64="Kz+9ot93M4EXMRl2CV913h0kyXk=">AAACJXicbZDNSgMxFIUz/tZatdWlm2ARXJUZEXRZdONGqGh/oDOUTCZtQ5PMkGSUEuYR3Ooj+DTuRHDlq5hpZ2FbLwQ+zrmXe3PChFGlXffbWVvf2NzaLu2Udyt7+wfV2mFHxanEpI1jFsteiBRhVJC2ppqRXiIJ4iEj3XByk/vdJyIVjcWjniYk4Ggk6JBipK30IAdqUK27DXdWcBW8AuqgqNag5lT8KMYpJ0JjhpTqe26iA4OkppiRrOyniiQIT9CI9C0KxIkKzOzWDJ5aJYLDWNonNJypfycM4kpNeWg7OdJjtezl4n9eP9XDq8BQkaSaCDxfNEwZ1DHMPw4jKgnWbGoBYUntrRCPkURY23jKviDPOOYcicj4UZQZP98guYmybNHkCcvM3cD4kkOLmc3PW05rFTrnDc/y/UW9eV0kWQLH4AScAQ9cgia4BS3QBhiMwAt4BW/Ou/PhfDpf89Y1p5g5Agvl/PwCTbamGA==</latexit><latexit sha1_base64="Kz+9ot93M4EXMRl2CV913h0kyXk=">AAACJXicbZDNSgMxFIUz/tZatdWlm2ARXJUZEXRZdONGqGh/oDOUTCZtQ5PMkGSUEuYR3Ooj+DTuRHDlq5hpZ2FbLwQ+zrmXe3PChFGlXffbWVvf2NzaLu2Udyt7+wfV2mFHxanEpI1jFsteiBRhVJC2ppqRXiIJ4iEj3XByk/vdJyIVjcWjniYk4Ggk6JBipK30IAdqUK27DXdWcBW8AuqgqNag5lT8KMYpJ0JjhpTqe26iA4OkppiRrOyniiQIT9CI9C0KxIkKzOzWDJ5aJYLDWNonNJypfycM4kpNeWg7OdJjtezl4n9eP9XDq8BQkaSaCDxfNEwZ1DHMPw4jKgnWbGoBYUntrRCPkURY23jKviDPOOYcicj4UZQZP98guYmybNHkCcvM3cD4kkOLmc3PW05rFTrnDc/y/UW9eV0kWQLH4AScAQ9cgia4BS3QBhiMwAt4BW/Ou/PhfDpf89Y1p5g5Agvl/PwCTbamGA==</latexit>

F5 ⇡ 0
<latexit sha1_base64="mQQlOeAS7ZRShXZwGSliFo/235M=">AAACLnicbZDNSgMxFIUz9b9WbXXpJlgEV2VGFF0WBXEjKFgtdErJZNI2NH8kGbWEeQ23+gg+jeBC3PoYprUL23rhwsc593IvJ1GMGhuGH0FhYXFpeWV1rbhe2tjcKle274zMNCYNLJnUzQQZwqggDUstI02lCeIJI/fJ4Hzk3z8QbagUt3aoSJujnqBdipH1UnzROY6RUlo+wbBTroa1cFxwHqIJVMGkrjuVoBSnEmecCIsZMqYVhcq2HdKWYkbyYpwZohAeoB5peRSIE9N246dzuO+VFHal9i0sHKt/Nxzixgx54ic5sn0z643E/7xWZrunbUeFyiwR+PdQN2PQSjhKAKZUE2zZ0APCmvpfIe4jjbD1ORVjQR6x5ByJ1MVpmrt4dEFzl+b5tMkVy91Vx8WaQ4+5zy+aTWse7g5rkeebo2r9bJLkKtgFe+AAROAE1MEluAYNgIECz+AFvAZvwXvwGXz9jhaCyc4OmKrg+wewhalO</latexit><latexit sha1_base64="mQQlOeAS7ZRShXZwGSliFo/235M=">AAACLnicbZDNSgMxFIUz9b9WbXXpJlgEV2VGFF0WBXEjKFgtdErJZNI2NH8kGbWEeQ23+gg+jeBC3PoYprUL23rhwsc593IvJ1GMGhuGH0FhYXFpeWV1rbhe2tjcKle274zMNCYNLJnUzQQZwqggDUstI02lCeIJI/fJ4Hzk3z8QbagUt3aoSJujnqBdipH1UnzROY6RUlo+wbBTroa1cFxwHqIJVMGkrjuVoBSnEmecCIsZMqYVhcq2HdKWYkbyYpwZohAeoB5peRSIE9N246dzuO+VFHal9i0sHKt/Nxzixgx54ic5sn0z643E/7xWZrunbUeFyiwR+PdQN2PQSjhKAKZUE2zZ0APCmvpfIe4jjbD1ORVjQR6x5ByJ1MVpmrt4dEFzl+b5tMkVy91Vx8WaQ4+5zy+aTWse7g5rkeebo2r9bJLkKtgFe+AAROAE1MEluAYNgIECz+AFvAZvwXvwGXz9jhaCyc4OmKrg+wewhalO</latexit><latexit sha1_base64="mQQlOeAS7ZRShXZwGSliFo/235M=">AAACLnicbZDNSgMxFIUz9b9WbXXpJlgEV2VGFF0WBXEjKFgtdErJZNI2NH8kGbWEeQ23+gg+jeBC3PoYprUL23rhwsc593IvJ1GMGhuGH0FhYXFpeWV1rbhe2tjcKle274zMNCYNLJnUzQQZwqggDUstI02lCeIJI/fJ4Hzk3z8QbagUt3aoSJujnqBdipH1UnzROY6RUlo+wbBTroa1cFxwHqIJVMGkrjuVoBSnEmecCIsZMqYVhcq2HdKWYkbyYpwZohAeoB5peRSIE9N246dzuO+VFHal9i0sHKt/Nxzixgx54ic5sn0z643E/7xWZrunbUeFyiwR+PdQN2PQSjhKAKZUE2zZ0APCmvpfIe4jjbD1ORVjQR6x5ByJ1MVpmrt4dEFzl+b5tMkVy91Vx8WaQ4+5zy+aTWse7g5rkeebo2r9bJLkKtgFe+AAROAE1MEluAYNgIECz+AFvAZvwXvwGXz9jhaCyc4OmKrg+wewhalO</latexit><latexit sha1_base64="mQQlOeAS7ZRShXZwGSliFo/235M=">AAACLnicbZDNSgMxFIUz9b9WbXXpJlgEV2VGFF0WBXEjKFgtdErJZNI2NH8kGbWEeQ23+gg+jeBC3PoYprUL23rhwsc593IvJ1GMGhuGH0FhYXFpeWV1rbhe2tjcKle274zMNCYNLJnUzQQZwqggDUstI02lCeIJI/fJ4Hzk3z8QbagUt3aoSJujnqBdipH1UnzROY6RUlo+wbBTroa1cFxwHqIJVMGkrjuVoBSnEmecCIsZMqYVhcq2HdKWYkbyYpwZohAeoB5peRSIE9N246dzuO+VFHal9i0sHKt/Nxzixgx54ic5sn0z643E/7xWZrunbUeFyiwR+PdQN2PQSjhKAKZUE2zZ0APCmvpfIe4jjbD1ORVjQR6x5ByJ1MVpmrt4dEFzl+b5tMkVy91Vx8WaQ4+5zy+aTWse7g5rkeebo2r9bJLkKtgFe+AAROAE1MEluAYNgIECz+AFvAZvwXvwGXz9jhaCyc4OmKrg+wewhalO</latexit>

�1
<latexit sha1_base64="8dR2XDdtybFwDkVjcK8+bqHtp30=">AAACLXicbZDLSgMxFIYz9VZr1VaXboJFcFVmRNBl0Y0boYK9QKeUTCbThuYyJBmlhHkMt/oIPo0LQdz6GqaXhW09cODj/8/hHP4oZVQb3//0ChubW9s7xd3SXnn/4LBSPWprmSlMWlgyqboR0oRRQVqGGka6qSKIR4x0ovHt1O88EaWpFI9mkpI+R0NBE4qRcVIvTEd0EFKRmMmgUvPr/qzgOgQLqIFFNQdVrxzGEmecCIMZ0roX+KnpW6QMxYzkpTDTJEV4jIak51AgTnTfzn7O4ZlTYphI5VoYOFP/bljEtZ7wyE1yZEZ61ZuK/3m9zCTXfUtFmhki8PxQkjFoJJwGAGOqCDZs4gBhRd2vEI+QQti4mEqhIM9Yco5EbMM4zm04vaC4jfN82eQpy+39wIaKQ4e5yy9YTWsd2hf1wPHDZa1xs0iyCE7AKTgHAbgCDXAHmqAFMJDgBbyCN+/d+/C+vO/5aMFb7ByDpfJ+fgE1Samm</latexit><latexit sha1_base64="8dR2XDdtybFwDkVjcK8+bqHtp30=">AAACLXicbZDLSgMxFIYz9VZr1VaXboJFcFVmRNBl0Y0boYK9QKeUTCbThuYyJBmlhHkMt/oIPo0LQdz6GqaXhW09cODj/8/hHP4oZVQb3//0ChubW9s7xd3SXnn/4LBSPWprmSlMWlgyqboR0oRRQVqGGka6qSKIR4x0ovHt1O88EaWpFI9mkpI+R0NBE4qRcVIvTEd0EFKRmMmgUvPr/qzgOgQLqIFFNQdVrxzGEmecCIMZ0roX+KnpW6QMxYzkpTDTJEV4jIak51AgTnTfzn7O4ZlTYphI5VoYOFP/bljEtZ7wyE1yZEZ61ZuK/3m9zCTXfUtFmhki8PxQkjFoJJwGAGOqCDZs4gBhRd2vEI+QQti4mEqhIM9Yco5EbMM4zm04vaC4jfN82eQpy+39wIaKQ4e5yy9YTWsd2hf1wPHDZa1xs0iyCE7AKTgHAbgCDXAHmqAFMJDgBbyCN+/d+/C+vO/5aMFb7ByDpfJ+fgE1Samm</latexit><latexit sha1_base64="8dR2XDdtybFwDkVjcK8+bqHtp30=">AAACLXicbZDLSgMxFIYz9VZr1VaXboJFcFVmRNBl0Y0boYK9QKeUTCbThuYyJBmlhHkMt/oIPo0LQdz6GqaXhW09cODj/8/hHP4oZVQb3//0ChubW9s7xd3SXnn/4LBSPWprmSlMWlgyqboR0oRRQVqGGka6qSKIR4x0ovHt1O88EaWpFI9mkpI+R0NBE4qRcVIvTEd0EFKRmMmgUvPr/qzgOgQLqIFFNQdVrxzGEmecCIMZ0roX+KnpW6QMxYzkpTDTJEV4jIak51AgTnTfzn7O4ZlTYphI5VoYOFP/bljEtZ7wyE1yZEZ61ZuK/3m9zCTXfUtFmhki8PxQkjFoJJwGAGOqCDZs4gBhRd2vEI+QQti4mEqhIM9Yco5EbMM4zm04vaC4jfN82eQpy+39wIaKQ4e5yy9YTWsd2hf1wPHDZa1xs0iyCE7AKTgHAbgCDXAHmqAFMJDgBbyCN+/d+/C+vO/5aMFb7ByDpfJ+fgE1Samm</latexit><latexit sha1_base64="8dR2XDdtybFwDkVjcK8+bqHtp30=">AAACLXicbZDLSgMxFIYz9VZr1VaXboJFcFVmRNBl0Y0boYK9QKeUTCbThuYyJBmlhHkMt/oIPo0LQdz6GqaXhW09cODj/8/hHP4oZVQb3//0ChubW9s7xd3SXnn/4LBSPWprmSlMWlgyqboR0oRRQVqGGka6qSKIR4x0ovHt1O88EaWpFI9mkpI+R0NBE4qRcVIvTEd0EFKRmMmgUvPr/qzgOgQLqIFFNQdVrxzGEmecCIMZ0roX+KnpW6QMxYzkpTDTJEV4jIak51AgTnTfzn7O4ZlTYphI5VoYOFP/bljEtZ7wyE1yZEZ61ZuK/3m9zCTXfUtFmhki8PxQkjFoJJwGAGOqCDZs4gBhRd2vEI+QQti4mEqhIM9Yco5EbMM4zm04vaC4jfN82eQpy+39wIaKQ4e5yy9YTWsd2hf1wPHDZa1xs0iyCE7AKTgHAbgCDXAHmqAFMJDgBbyCN+/d+/C+vO/5aMFb7ByDpfJ+fgE1Samm</latexit>

F5 = 2�2GM(R)

r2


1� M(rs)

M(R)

�

<latexit sha1_base64="0z/Sh1u9l/rOnzZi0c/hzfyaS9w="></latexit><latexit sha1_base64="0z/Sh1u9l/rOnzZi0c/hzfyaS9w="></latexit><latexit sha1_base64="0z/Sh1u9l/rOnzZi0c/hzfyaS9w="></latexit><latexit sha1_base64="0z/Sh1u9l/rOnzZi0c/hzfyaS9w="></latexit>

parameter 1: �
<latexit sha1_base64="Gqe00rCJ+/fo1cI5Kbh+v2P7Nr4=">AAACJ3icbZDLSgMxFIYz9VZrvVSXboJFcFVmRNCl6MaNUMFeoFNKJnPahiaZIckoJcwzuNVH8GnciS59E9PLwrYeCHz8/zmckz9KOdPG97+9wtr6xuZWcbu0U97d2z+oHDZ1kikKDZrwRLUjooEzCQ3DDId2qoCIiEMrGt1O/NYTKM0S+WjGKXQFGUjWZ5QYJzXCCAzpHVT9mj8tvArBHKpoXvVexSuHcUIzAdJQTrTuBH5qupYowyiHvBRmGlJCR2QAHYeSCNBdO702x6dOiXE/Ue5Jg6fq3wlLhNZjEblOQcxQL3sT8T+vk5n+VdcymWYGJJ0t6mccmwRPvo5jpoAaPnZAqGLuVkyHRBFqXEClUMIzTYQgMrZhHOc2nGxQwsZ5vmiKlOf2vmdDJbDD3OUXLKe1Cs3zWuD44aJ6fTNPsoiO0Qk6QwG6RNfoDtVRA1HE0At6RW/eu/fhfXpfs9aCN585Qgvl/fwC1Oqm4A==</latexit><latexit sha1_base64="Gqe00rCJ+/fo1cI5Kbh+v2P7Nr4=">AAACJ3icbZDLSgMxFIYz9VZrvVSXboJFcFVmRNCl6MaNUMFeoFNKJnPahiaZIckoJcwzuNVH8GnciS59E9PLwrYeCHz8/zmckz9KOdPG97+9wtr6xuZWcbu0U97d2z+oHDZ1kikKDZrwRLUjooEzCQ3DDId2qoCIiEMrGt1O/NYTKM0S+WjGKXQFGUjWZ5QYJzXCCAzpHVT9mj8tvArBHKpoXvVexSuHcUIzAdJQTrTuBH5qupYowyiHvBRmGlJCR2QAHYeSCNBdO702x6dOiXE/Ue5Jg6fq3wlLhNZjEblOQcxQL3sT8T+vk5n+VdcymWYGJJ0t6mccmwRPvo5jpoAaPnZAqGLuVkyHRBFqXEClUMIzTYQgMrZhHOc2nGxQwsZ5vmiKlOf2vmdDJbDD3OUXLKe1Cs3zWuD44aJ6fTNPsoiO0Qk6QwG6RNfoDtVRA1HE0At6RW/eu/fhfXpfs9aCN585Qgvl/fwC1Oqm4A==</latexit><latexit sha1_base64="Gqe00rCJ+/fo1cI5Kbh+v2P7Nr4=">AAACJ3icbZDLSgMxFIYz9VZrvVSXboJFcFVmRNCl6MaNUMFeoFNKJnPahiaZIckoJcwzuNVH8GnciS59E9PLwrYeCHz8/zmckz9KOdPG97+9wtr6xuZWcbu0U97d2z+oHDZ1kikKDZrwRLUjooEzCQ3DDId2qoCIiEMrGt1O/NYTKM0S+WjGKXQFGUjWZ5QYJzXCCAzpHVT9mj8tvArBHKpoXvVexSuHcUIzAdJQTrTuBH5qupYowyiHvBRmGlJCR2QAHYeSCNBdO702x6dOiXE/Ue5Jg6fq3wlLhNZjEblOQcxQL3sT8T+vk5n+VdcymWYGJJ0t6mccmwRPvo5jpoAaPnZAqGLuVkyHRBFqXEClUMIzTYQgMrZhHOc2nGxQwsZ5vmiKlOf2vmdDJbDD3OUXLKe1Cs3zWuD44aJ6fTNPsoiO0Qk6QwG6RNfoDtVRA1HE0At6RW/eu/fhfXpfs9aCN585Qgvl/fwC1Oqm4A==</latexit><latexit sha1_base64="Gqe00rCJ+/fo1cI5Kbh+v2P7Nr4=">AAACJ3icbZDLSgMxFIYz9VZrvVSXboJFcFVmRNCl6MaNUMFeoFNKJnPahiaZIckoJcwzuNVH8GnciS59E9PLwrYeCHz8/zmckz9KOdPG97+9wtr6xuZWcbu0U97d2z+oHDZ1kikKDZrwRLUjooEzCQ3DDId2qoCIiEMrGt1O/NYTKM0S+WjGKXQFGUjWZ5QYJzXCCAzpHVT9mj8tvArBHKpoXvVexSuHcUIzAdJQTrTuBH5qupYowyiHvBRmGlJCR2QAHYeSCNBdO702x6dOiXE/Ue5Jg6fq3wlLhNZjEblOQcxQL3sT8T+vk5n+VdcymWYGJJ0t6mccmwRPvo5jpoAaPnZAqGLuVkyHRBFqXEClUMIzTYQgMrZhHOc2nGxQwsZ5vmiKlOf2vmdDJbDD3OUXLKe1Cs3zWuD44aJ6fTNPsoiO0Qk6QwG6RNfoDtVRA1HE0At6RW/eu/fhfXpfs9aCN585Qgvl/fwC1Oqm4A==</latexit>

fifth-force strength

parameter 2: �
<latexit sha1_base64="hAPP5shdbJpcLuzDY7vuLf3kyYE=">AAACJnicbZDNSgMxFIUz9a/Wqq0u3QSL4KrMiKDLohs3QgX7A52hZDJpG5pkhiSjlDCv4FYfwadxJ+LORzHTzsK2Xgh8nHMv9+aECaNKu+63U9rY3NreKe9W9qr7B4e1+lFXxanEpINjFst+iBRhVJCOppqRfiIJ4iEjvXB6m/u9JyIVjcWjniUk4Ggs6IhipHPJxxM6rDXcpjsvuA5eAQ1QVHtYd6p+FOOUE6ExQ0oNPDfRgUFSU8xIVvFTRRKEp2hMBhYF4kQFZn5sBs+sEsFRLO0TGs7VvxMGcaVmPLSdHOmJWvVy8T9vkOrRdWCoSFJNBF4sGqUM6hjmP4cRlQRrNrOAsKT2VognSCKsbT4VX5BnHHOORGT8KMqMn2+Q3ERZtmzyhGXmfmh8yaHFzObnraa1Dt2Lpmf54bLRuimSLIMTcArOgQeuQAvcgTboAAwm4AW8gjfn3flwPp2vRWvJKWaOwVI5P7/4jKZu</latexit><latexit sha1_base64="hAPP5shdbJpcLuzDY7vuLf3kyYE=">AAACJnicbZDNSgMxFIUz9a/Wqq0u3QSL4KrMiKDLohs3QgX7A52hZDJpG5pkhiSjlDCv4FYfwadxJ+LORzHTzsK2Xgh8nHMv9+aECaNKu+63U9rY3NreKe9W9qr7B4e1+lFXxanEpINjFst+iBRhVJCOppqRfiIJ4iEjvXB6m/u9JyIVjcWjniUk4Ggs6IhipHPJxxM6rDXcpjsvuA5eAQ1QVHtYd6p+FOOUE6ExQ0oNPDfRgUFSU8xIVvFTRRKEp2hMBhYF4kQFZn5sBs+sEsFRLO0TGs7VvxMGcaVmPLSdHOmJWvVy8T9vkOrRdWCoSFJNBF4sGqUM6hjmP4cRlQRrNrOAsKT2VognSCKsbT4VX5BnHHOORGT8KMqMn2+Q3ERZtmzyhGXmfmh8yaHFzObnraa1Dt2Lpmf54bLRuimSLIMTcArOgQeuQAvcgTboAAwm4AW8gjfn3flwPp2vRWvJKWaOwVI5P7/4jKZu</latexit><latexit sha1_base64="hAPP5shdbJpcLuzDY7vuLf3kyYE=">AAACJnicbZDNSgMxFIUz9a/Wqq0u3QSL4KrMiKDLohs3QgX7A52hZDJpG5pkhiSjlDCv4FYfwadxJ+LORzHTzsK2Xgh8nHMv9+aECaNKu+63U9rY3NreKe9W9qr7B4e1+lFXxanEpINjFst+iBRhVJCOppqRfiIJ4iEjvXB6m/u9JyIVjcWjniUk4Ggs6IhipHPJxxM6rDXcpjsvuA5eAQ1QVHtYd6p+FOOUE6ExQ0oNPDfRgUFSU8xIVvFTRRKEp2hMBhYF4kQFZn5sBs+sEsFRLO0TGs7VvxMGcaVmPLSdHOmJWvVy8T9vkOrRdWCoSFJNBF4sGqUM6hjmP4cRlQRrNrOAsKT2VognSCKsbT4VX5BnHHOORGT8KMqMn2+Q3ERZtmzyhGXmfmh8yaHFzObnraa1Dt2Lpmf54bLRuimSLIMTcArOgQeuQAvcgTboAAwm4AW8gjfn3flwPp2vRWvJKWaOwVI5P7/4jKZu</latexit><latexit sha1_base64="hAPP5shdbJpcLuzDY7vuLf3kyYE=">AAACJnicbZDNSgMxFIUz9a/Wqq0u3QSL4KrMiKDLohs3QgX7A52hZDJpG5pkhiSjlDCv4FYfwadxJ+LORzHTzsK2Xgh8nHMv9+aECaNKu+63U9rY3NreKe9W9qr7B4e1+lFXxanEpINjFst+iBRhVJCOppqRfiIJ4iEjvXB6m/u9JyIVjcWjniUk4Ggs6IhipHPJxxM6rDXcpjsvuA5eAQ1QVHtYd6p+FOOUE6ExQ0oNPDfRgUFSU8xIVvFTRRKEp2hMBhYF4kQFZn5sBs+sEsFRLO0TGs7VvxMGcaVmPLSdHOmJWvVy8T9vkOrRdWCoSFJNBF4sGqUM6hjmP4cRlQRrNrOAsKT2VognSCKsbT4VX5BnHHOORGT8KMqMn2+Q3ERZtmzyhGXmfmh8yaHFzObnraa1Dt2Lpmf54bLRuimSLIMTcArOgQeuQAvcgTboAAwm4AW8gjfn3flwPp2vRWvJKWaOwVI5P7/4jKZu</latexit>

self-screening parameter



Self-screening parameter

rs
<latexit sha1_base64="Kz+9ot93M4EXMRl2CV913h0kyXk=">AAACJXicbZDNSgMxFIUz/tZatdWlm2ARXJUZEXRZdONGqGh/oDOUTCZtQ5PMkGSUEuYR3Ooj+DTuRHDlq5hpZ2FbLwQ+zrmXe3PChFGlXffbWVvf2NzaLu2Udyt7+wfV2mFHxanEpI1jFsteiBRhVJC2ppqRXiIJ4iEj3XByk/vdJyIVjcWjniYk4Ggk6JBipK30IAdqUK27DXdWcBW8AuqgqNag5lT8KMYpJ0JjhpTqe26iA4OkppiRrOyniiQIT9CI9C0KxIkKzOzWDJ5aJYLDWNonNJypfycM4kpNeWg7OdJjtezl4n9eP9XDq8BQkaSaCDxfNEwZ1DHMPw4jKgnWbGoBYUntrRCPkURY23jKviDPOOYcicj4UZQZP98guYmybNHkCcvM3cD4kkOLmc3PW05rFTrnDc/y/UW9eV0kWQLH4AScAQ9cgia4BS3QBhiMwAt4BW/Ou/PhfDpf89Y1p5g5Agvl/PwCTbamGA==</latexit><latexit sha1_base64="Kz+9ot93M4EXMRl2CV913h0kyXk=">AAACJXicbZDNSgMxFIUz/tZatdWlm2ARXJUZEXRZdONGqGh/oDOUTCZtQ5PMkGSUEuYR3Ooj+DTuRHDlq5hpZ2FbLwQ+zrmXe3PChFGlXffbWVvf2NzaLu2Udyt7+wfV2mFHxanEpI1jFsteiBRhVJC2ppqRXiIJ4iEj3XByk/vdJyIVjcWjniYk4Ggk6JBipK30IAdqUK27DXdWcBW8AuqgqNag5lT8KMYpJ0JjhpTqe26iA4OkppiRrOyniiQIT9CI9C0KxIkKzOzWDJ5aJYLDWNonNJypfycM4kpNeWg7OdJjtezl4n9eP9XDq8BQkaSaCDxfNEwZ1DHMPw4jKgnWbGoBYUntrRCPkURY23jKviDPOOYcicj4UZQZP98guYmybNHkCcvM3cD4kkOLmc3PW05rFTrnDc/y/UW9eV0kWQLH4AScAQ9cgia4BS3QBhiMwAt4BW/Ou/PhfDpf89Y1p5g5Agvl/PwCTbamGA==</latexit><latexit sha1_base64="Kz+9ot93M4EXMRl2CV913h0kyXk=">AAACJXicbZDNSgMxFIUz/tZatdWlm2ARXJUZEXRZdONGqGh/oDOUTCZtQ5PMkGSUEuYR3Ooj+DTuRHDlq5hpZ2FbLwQ+zrmXe3PChFGlXffbWVvf2NzaLu2Udyt7+wfV2mFHxanEpI1jFsteiBRhVJC2ppqRXiIJ4iEj3XByk/vdJyIVjcWjniYk4Ggk6JBipK30IAdqUK27DXdWcBW8AuqgqNag5lT8KMYpJ0JjhpTqe26iA4OkppiRrOyniiQIT9CI9C0KxIkKzOzWDJ5aJYLDWNonNJypfycM4kpNeWg7OdJjtezl4n9eP9XDq8BQkaSaCDxfNEwZ1DHMPw4jKgnWbGoBYUntrRCPkURY23jKviDPOOYcicj4UZQZP98guYmybNHkCcvM3cD4kkOLmc3PW05rFTrnDc/y/UW9eV0kWQLH4AScAQ9cgia4BS3QBhiMwAt4BW/Ou/PhfDpf89Y1p5g5Agvl/PwCTbamGA==</latexit><latexit sha1_base64="Kz+9ot93M4EXMRl2CV913h0kyXk=">AAACJXicbZDNSgMxFIUz/tZatdWlm2ARXJUZEXRZdONGqGh/oDOUTCZtQ5PMkGSUEuYR3Ooj+DTuRHDlq5hpZ2FbLwQ+zrmXe3PChFGlXffbWVvf2NzaLu2Udyt7+wfV2mFHxanEpI1jFsteiBRhVJC2ppqRXiIJ4iEj3XByk/vdJyIVjcWjniYk4Ggk6JBipK30IAdqUK27DXdWcBW8AuqgqNag5lT8KMYpJ0JjhpTqe26iA4OkppiRrOyniiQIT9CI9C0KxIkKzOzWDJ5aJYLDWNonNJypfycM4kpNeWg7OdJjtezl4n9eP9XDq8BQkaSaCDxfNEwZ1DHMPw4jKgnWbGoBYUntrRCPkURY23jKviDPOOYcicj4UZQZP98guYmybNHkCcvM3cD4kkOLmc3PW05rFTrnDc/y/UW9eV0kWQLH4AScAQ9cgia4BS3QBhiMwAt4BW/Ou/PhfDpf89Y1p5g5Agvl/PwCTbamGA==</latexit>

�1
<latexit sha1_base64="8dR2XDdtybFwDkVjcK8+bqHtp30=">AAACLXicbZDLSgMxFIYz9VZr1VaXboJFcFVmRNBl0Y0boYK9QKeUTCbThuYyJBmlhHkMt/oIPo0LQdz6GqaXhW09cODj/8/hHP4oZVQb3//0ChubW9s7xd3SXnn/4LBSPWprmSlMWlgyqboR0oRRQVqGGka6qSKIR4x0ovHt1O88EaWpFI9mkpI+R0NBE4qRcVIvTEd0EFKRmMmgUvPr/qzgOgQLqIFFNQdVrxzGEmecCIMZ0roX+KnpW6QMxYzkpTDTJEV4jIak51AgTnTfzn7O4ZlTYphI5VoYOFP/bljEtZ7wyE1yZEZ61ZuK/3m9zCTXfUtFmhki8PxQkjFoJJwGAGOqCDZs4gBhRd2vEI+QQti4mEqhIM9Yco5EbMM4zm04vaC4jfN82eQpy+39wIaKQ4e5yy9YTWsd2hf1wPHDZa1xs0iyCE7AKTgHAbgCDXAHmqAFMJDgBbyCN+/d+/C+vO/5aMFb7ByDpfJ+fgE1Samm</latexit><latexit sha1_base64="8dR2XDdtybFwDkVjcK8+bqHtp30=">AAACLXicbZDLSgMxFIYz9VZr1VaXboJFcFVmRNBl0Y0boYK9QKeUTCbThuYyJBmlhHkMt/oIPo0LQdz6GqaXhW09cODj/8/hHP4oZVQb3//0ChubW9s7xd3SXnn/4LBSPWprmSlMWlgyqboR0oRRQVqGGka6qSKIR4x0ovHt1O88EaWpFI9mkpI+R0NBE4qRcVIvTEd0EFKRmMmgUvPr/qzgOgQLqIFFNQdVrxzGEmecCIMZ0roX+KnpW6QMxYzkpTDTJEV4jIak51AgTnTfzn7O4ZlTYphI5VoYOFP/bljEtZ7wyE1yZEZ61ZuK/3m9zCTXfUtFmhki8PxQkjFoJJwGAGOqCDZs4gBhRd2vEI+QQti4mEqhIM9Yco5EbMM4zm04vaC4jfN82eQpy+39wIaKQ4e5yy9YTWsd2hf1wPHDZa1xs0iyCE7AKTgHAbgCDXAHmqAFMJDgBbyCN+/d+/C+vO/5aMFb7ByDpfJ+fgE1Samm</latexit><latexit sha1_base64="8dR2XDdtybFwDkVjcK8+bqHtp30=">AAACLXicbZDLSgMxFIYz9VZr1VaXboJFcFVmRNBl0Y0boYK9QKeUTCbThuYyJBmlhHkMt/oIPo0LQdz6GqaXhW09cODj/8/hHP4oZVQb3//0ChubW9s7xd3SXnn/4LBSPWprmSlMWlgyqboR0oRRQVqGGka6qSKIR4x0ovHt1O88EaWpFI9mkpI+R0NBE4qRcVIvTEd0EFKRmMmgUvPr/qzgOgQLqIFFNQdVrxzGEmecCIMZ0roX+KnpW6QMxYzkpTDTJEV4jIak51AgTnTfzn7O4ZlTYphI5VoYOFP/bljEtZ7wyE1yZEZ61ZuK/3m9zCTXfUtFmhki8PxQkjFoJJwGAGOqCDZs4gBhRd2vEI+QQti4mEqhIM9Yco5EbMM4zm04vaC4jfN82eQpy+39wIaKQ4e5yy9YTWsd2hf1wPHDZa1xs0iyCE7AKTgHAbgCDXAHmqAFMJDgBbyCN+/d+/C+vO/5aMFb7ByDpfJ+fgE1Samm</latexit><latexit sha1_base64="8dR2XDdtybFwDkVjcK8+bqHtp30=">AAACLXicbZDLSgMxFIYz9VZr1VaXboJFcFVmRNBl0Y0boYK9QKeUTCbThuYyJBmlhHkMt/oIPo0LQdz6GqaXhW09cODj/8/hHP4oZVQb3//0ChubW9s7xd3SXnn/4LBSPWprmSlMWlgyqboR0oRRQVqGGka6qSKIR4x0ovHt1O88EaWpFI9mkpI+R0NBE4qRcVIvTEd0EFKRmMmgUvPr/qzgOgQLqIFFNQdVrxzGEmecCIMZ0roX+KnpW6QMxYzkpTDTJEV4jIak51AgTnTfzn7O4ZlTYphI5VoYOFP/bljEtZ7wyE1yZEZ61ZuK/3m9zCTXfUtFmhki8PxQkjFoJJwGAGOqCDZs4gBhRd2vEI+QQti4mEqhIM9Yco5EbMM4zm04vaC4jfN82eQpy+39wIaKQ4e5yy9YTWsd2hf1wPHDZa1xs0iyCE7AKTgHAbgCDXAHmqAFMJDgBbyCN+/d+/C+vO/5aMFb7ByDpfJ+fgE1Samm</latexit>

screening radius depends on object

� ⌘ �1
2�

<latexit sha1_base64="OENZ8zM8L00FNUWFrSFdi3QYpyA="></latexit><latexit sha1_base64="OENZ8zM8L00FNUWFrSFdi3QYpyA="></latexit><latexit sha1_base64="OENZ8zM8L00FNUWFrSFdi3QYpyA="></latexit><latexit sha1_base64="OENZ8zM8L00FNUWFrSFdi3QYpyA="></latexit>

� = 4⇡G

Z R

rs

r⇢(r)dr
<latexit sha1_base64="R3kyuw+oZR5OFsp5FCtvmDtORTM="></latexit><latexit sha1_base64="R3kyuw+oZR5OFsp5FCtvmDtORTM="></latexit><latexit sha1_base64="R3kyuw+oZR5OFsp5FCtvmDtORTM="></latexit><latexit sha1_base64="R3kyuw+oZR5OFsp5FCtvmDtORTM="></latexit>

this determines rs
<latexit sha1_base64="Kz+9ot93M4EXMRl2CV913h0kyXk=">AAACJXicbZDNSgMxFIUz/tZatdWlm2ARXJUZEXRZdONGqGh/oDOUTCZtQ5PMkGSUEuYR3Ooj+DTuRHDlq5hpZ2FbLwQ+zrmXe3PChFGlXffbWVvf2NzaLu2Udyt7+wfV2mFHxanEpI1jFsteiBRhVJC2ppqRXiIJ4iEj3XByk/vdJyIVjcWjniYk4Ggk6JBipK30IAdqUK27DXdWcBW8AuqgqNag5lT8KMYpJ0JjhpTqe26iA4OkppiRrOyniiQIT9CI9C0KxIkKzOzWDJ5aJYLDWNonNJypfycM4kpNeWg7OdJjtezl4n9eP9XDq8BQkaSaCDxfNEwZ1DHMPw4jKgnWbGoBYUntrRCPkURY23jKviDPOOYcicj4UZQZP98guYmybNHkCcvM3cD4kkOLmc3PW05rFTrnDc/y/UW9eV0kWQLH4AScAQ9cgia4BS3QBhiMwAt4BW/Ou/PhfDpf89Y1p5g5Agvl/PwCTbamGA==</latexit><latexit sha1_base64="Kz+9ot93M4EXMRl2CV913h0kyXk=">AAACJXicbZDNSgMxFIUz/tZatdWlm2ARXJUZEXRZdONGqGh/oDOUTCZtQ5PMkGSUEuYR3Ooj+DTuRHDlq5hpZ2FbLwQ+zrmXe3PChFGlXffbWVvf2NzaLu2Udyt7+wfV2mFHxanEpI1jFsteiBRhVJC2ppqRXiIJ4iEj3XByk/vdJyIVjcWjniYk4Ggk6JBipK30IAdqUK27DXdWcBW8AuqgqNag5lT8KMYpJ0JjhpTqe26iA4OkppiRrOyniiQIT9CI9C0KxIkKzOzWDJ5aJYLDWNonNJypfycM4kpNeWg7OdJjtezl4n9eP9XDq8BQkaSaCDxfNEwZ1DHMPw4jKgnWbGoBYUntrRCPkURY23jKviDPOOYcicj4UZQZP98guYmybNHkCcvM3cD4kkOLmc3PW05rFTrnDc/y/UW9eV0kWQLH4AScAQ9cgia4BS3QBhiMwAt4BW/Ou/PhfDpf89Y1p5g5Agvl/PwCTbamGA==</latexit><latexit sha1_base64="Kz+9ot93M4EXMRl2CV913h0kyXk=">AAACJXicbZDNSgMxFIUz/tZatdWlm2ARXJUZEXRZdONGqGh/oDOUTCZtQ5PMkGSUEuYR3Ooj+DTuRHDlq5hpZ2FbLwQ+zrmXe3PChFGlXffbWVvf2NzaLu2Udyt7+wfV2mFHxanEpI1jFsteiBRhVJC2ppqRXiIJ4iEj3XByk/vdJyIVjcWjniYk4Ggk6JBipK30IAdqUK27DXdWcBW8AuqgqNag5lT8KMYpJ0JjhpTqe26iA4OkppiRrOyniiQIT9CI9C0KxIkKzOzWDJ5aJYLDWNonNJypfycM4kpNeWg7OdJjtezl4n9eP9XDq8BQkaSaCDxfNEwZ1DHMPw4jKgnWbGoBYUntrRCPkURY23jKviDPOOYcicj4UZQZP98guYmybNHkCcvM3cD4kkOLmc3PW05rFTrnDc/y/UW9eV0kWQLH4AScAQ9cgia4BS3QBhiMwAt4BW/Ou/PhfDpf89Y1p5g5Agvl/PwCTbamGA==</latexit><latexit sha1_base64="Kz+9ot93M4EXMRl2CV913h0kyXk=">AAACJXicbZDNSgMxFIUz/tZatdWlm2ARXJUZEXRZdONGqGh/oDOUTCZtQ5PMkGSUEuYR3Ooj+DTuRHDlq5hpZ2FbLwQ+zrmXe3PChFGlXffbWVvf2NzaLu2Udyt7+wfV2mFHxanEpI1jFsteiBRhVJC2ppqRXiIJ4iEj3XByk/vdJyIVjcWjniYk4Ggk6JBipK30IAdqUK27DXdWcBW8AuqgqNag5lT8KMYpJ0JjhpTqe26iA4OkppiRrOyniiQIT9CI9C0KxIkKzOzWDJ5aJYLDWNonNJypfycM4kpNeWg7OdJjtezl4n9eP9XDq8BQkaSaCDxfNEwZ1DHMPw4jKgnWbGoBYUntrRCPkURY23jKviDPOOYcicj4UZQZP98guYmybNHkCcvM3cD4kkOLmc3PW05rFTrnDc/y/UW9eV0kWQLH4AScAQ9cgia4BS3QBhiMwAt4BW/Ou/PhfDpf89Y1p5g5Agvl/PwCTbamGA==</latexit>

depends on composition



Self-screening parameter
Screened when: �0 < �N =

GM

R
<latexit sha1_base64="IBmBcuyHyOJ+jXo+adMb1rOq7MQ="></latexit><latexit sha1_base64="IBmBcuyHyOJ+jXo+adMb1rOq7MQ="></latexit><latexit sha1_base64="IBmBcuyHyOJ+jXo+adMb1rOq7MQ="></latexit><latexit sha1_base64="IBmBcuyHyOJ+jXo+adMb1rOq7MQ="></latexit>

This tells us where to look:

main-sequence
�N ⇠ 10�6

<latexit sha1_base64="k60PMxyMPPQ0bKx0jK6k1UWWK2Q="></latexit><latexit sha1_base64="k60PMxyMPPQ0bKx0jK6k1UWWK2Q="></latexit><latexit sha1_base64="k60PMxyMPPQ0bKx0jK6k1UWWK2Q="></latexit><latexit sha1_base64="k60PMxyMPPQ0bKx0jK6k1UWWK2Q="></latexit>

red giant
�N ⇠ 10�7

<latexit sha1_base64="5QUYkW9xw7NmOxGvwRuTojUdm14="></latexit><latexit sha1_base64="5QUYkW9xw7NmOxGvwRuTojUdm14="></latexit><latexit sha1_base64="5QUYkW9xw7NmOxGvwRuTojUdm14="></latexit><latexit sha1_base64="5QUYkW9xw7NmOxGvwRuTojUdm14="></latexit>

neutron star
�N ⇠ 10�1

<latexit sha1_base64="C+5qjBkXiRVXjsn1ldeOdbvnhGc="></latexit><latexit sha1_base64="C+5qjBkXiRVXjsn1ldeOdbvnhGc="></latexit><latexit sha1_base64="C+5qjBkXiRVXjsn1ldeOdbvnhGc="></latexit><latexit sha1_base64="C+5qjBkXiRVXjsn1ldeOdbvnhGc="></latexit>



Weak equivalence principle

rs
<latexit sha1_base64="Kz+9ot93M4EXMRl2CV913h0kyXk=">AAACJXicbZDNSgMxFIUz/tZatdWlm2ARXJUZEXRZdONGqGh/oDOUTCZtQ5PMkGSUEuYR3Ooj+DTuRHDlq5hpZ2FbLwQ+zrmXe3PChFGlXffbWVvf2NzaLu2Udyt7+wfV2mFHxanEpI1jFsteiBRhVJC2ppqRXiIJ4iEj3XByk/vdJyIVjcWjniYk4Ggk6JBipK30IAdqUK27DXdWcBW8AuqgqNag5lT8KMYpJ0JjhpTqe26iA4OkppiRrOyniiQIT9CI9C0KxIkKzOzWDJ5aJYLDWNonNJypfycM4kpNeWg7OdJjtezl4n9eP9XDq8BQkaSaCDxfNEwZ1DHMPw4jKgnWbGoBYUntrRCPkURY23jKviDPOOYcicj4UZQZP98guYmybNHkCcvM3cD4kkOLmc3PW05rFTrnDc/y/UW9eV0kWQLH4AScAQ9cgia4BS3QBhiMwAt4BW/Ou/PhfDpf89Y1p5g5Agvl/PwCTbamGA==</latexit><latexit sha1_base64="Kz+9ot93M4EXMRl2CV913h0kyXk=">AAACJXicbZDNSgMxFIUz/tZatdWlm2ARXJUZEXRZdONGqGh/oDOUTCZtQ5PMkGSUEuYR3Ooj+DTuRHDlq5hpZ2FbLwQ+zrmXe3PChFGlXffbWVvf2NzaLu2Udyt7+wfV2mFHxanEpI1jFsteiBRhVJC2ppqRXiIJ4iEj3XByk/vdJyIVjcWjniYk4Ggk6JBipK30IAdqUK27DXdWcBW8AuqgqNag5lT8KMYpJ0JjhpTqe26iA4OkppiRrOyniiQIT9CI9C0KxIkKzOzWDJ5aJYLDWNonNJypfycM4kpNeWg7OdJjtezl4n9eP9XDq8BQkaSaCDxfNEwZ1DHMPw4jKgnWbGoBYUntrRCPkURY23jKviDPOOYcicj4UZQZP98guYmybNHkCcvM3cD4kkOLmc3PW05rFTrnDc/y/UW9eV0kWQLH4AScAQ9cgia4BS3QBhiMwAt4BW/Ou/PhfDpf89Y1p5g5Agvl/PwCTbamGA==</latexit><latexit sha1_base64="Kz+9ot93M4EXMRl2CV913h0kyXk=">AAACJXicbZDNSgMxFIUz/tZatdWlm2ARXJUZEXRZdONGqGh/oDOUTCZtQ5PMkGSUEuYR3Ooj+DTuRHDlq5hpZ2FbLwQ+zrmXe3PChFGlXffbWVvf2NzaLu2Udyt7+wfV2mFHxanEpI1jFsteiBRhVJC2ppqRXiIJ4iEj3XByk/vdJyIVjcWjniYk4Ggk6JBipK30IAdqUK27DXdWcBW8AuqgqNag5lT8KMYpJ0JjhpTqe26iA4OkppiRrOyniiQIT9CI9C0KxIkKzOzWDJ5aJYLDWNonNJypfycM4kpNeWg7OdJjtezl4n9eP9XDq8BQkaSaCDxfNEwZ1DHMPw4jKgnWbGoBYUntrRCPkURY23jKviDPOOYcicj4UZQZP98guYmybNHkCcvM3cD4kkOLmc3PW05rFTrnDc/y/UW9eV0kWQLH4AScAQ9cgia4BS3QBhiMwAt4BW/Ou/PhfDpf89Y1p5g5Agvl/PwCTbamGA==</latexit><latexit sha1_base64="Kz+9ot93M4EXMRl2CV913h0kyXk=">AAACJXicbZDNSgMxFIUz/tZatdWlm2ARXJUZEXRZdONGqGh/oDOUTCZtQ5PMkGSUEuYR3Ooj+DTuRHDlq5hpZ2FbLwQ+zrmXe3PChFGlXffbWVvf2NzaLu2Udyt7+wfV2mFHxanEpI1jFsteiBRhVJC2ppqRXiIJ4iEj3XByk/vdJyIVjcWjniYk4Ggk6JBipK30IAdqUK27DXdWcBW8AuqgqNag5lT8KMYpJ0JjhpTqe26iA4OkppiRrOyniiQIT9CI9C0KxIkKzOzWDJ5aJYLDWNonNJypfycM4kpNeWg7OdJjtezl4n9eP9XDq8BQkaSaCDxfNEwZ1DHMPw4jKgnWbGoBYUntrRCPkURY23jKviDPOOYcicj4UZQZP98guYmybNHkCcvM3cD4kkOLmc3PW05rFTrnDc/y/UW9eV0kWQLH4AScAQ9cgia4BS3QBhiMwAt4BW/Ou/PhfDpf89Y1p5g5Agvl/PwCTbamGA==</latexit>

F5 = 2�2GM(R)

r2


1� M(rs)

M(R)

�

<latexit sha1_base64="0z/Sh1u9l/rOnzZi0c/hzfyaS9w="></latexit><latexit sha1_base64="0z/Sh1u9l/rOnzZi0c/hzfyaS9w="></latexit><latexit sha1_base64="0z/Sh1u9l/rOnzZi0c/hzfyaS9w="></latexit><latexit sha1_base64="0z/Sh1u9l/rOnzZi0c/hzfyaS9w="></latexit>

depends on internal structure

Violation of weak equivalence principle!

F5 = 2�Q
GM

r2
<latexit sha1_base64="+3HFgvuOIfdhMxssVhLZOovXY1k="></latexit><latexit sha1_base64="+3HFgvuOIfdhMxssVhLZOovXY1k="></latexit><latexit sha1_base64="+3HFgvuOIfdhMxssVhLZOovXY1k="></latexit><latexit sha1_base64="+3HFgvuOIfdhMxssVhLZOovXY1k="></latexit>

Q = �


1� M(rs)

M

�

<latexit sha1_base64="nYOV0iTpOG5y3GwTqt12VD41o+w="></latexit><latexit sha1_base64="nYOV0iTpOG5y3GwTqt12VD41o+w="></latexit><latexit sha1_base64="nYOV0iTpOG5y3GwTqt12VD41o+w="></latexit><latexit sha1_base64="nYOV0iTpOG5y3GwTqt12VD41o+w="></latexit>



Weak equivalence principle

Q
<latexit sha1_base64="TY2ywUIxqj9Hz1VL0jY6A3XmDss=">AAACI3icbZDLSgMxFIYzXmu9tbp0EyyCK5kRQZdFN26EFuwFOqVkMqdtaJIZkoxSwjyBW30En8aduHHhu5heFrb1QODj/8/hnPxRypk2vv/tra1vbG5tF3aKu3v7B4el8lFTJ5mi0KAJT1Q7Iho4k9AwzHBopwqIiDi0otHdxG89gdIskY9mnEJXkIFkfUaJcVK93itV/At/WngVgjlU0LxqvbK3F8YJzQRIQznRuhP4qelaogyjHPJimGlICR2RAXQcSiJAd+300hyfOSXG/US5Jw2eqn8nLBFaj0XkOgUxQ73sTcT/vE5m+jddy2SaGZB0tqifcWwSPPk2jpkCavjYAaGKuVsxHRJFqHHhFEMJzzQRgsjYhnGc23CyQQkb5/miKVKe24eeDZXADnOXX7Cc1io0Ly8Cx/WrSvV2nmQBnaBTdI4CdI2q6B7VUANRBOgFvaI379378D69r1nrmjefOUYL5f38AlnIpRE=</latexit><latexit sha1_base64="TY2ywUIxqj9Hz1VL0jY6A3XmDss=">AAACI3icbZDLSgMxFIYzXmu9tbp0EyyCK5kRQZdFN26EFuwFOqVkMqdtaJIZkoxSwjyBW30En8aduHHhu5heFrb1QODj/8/hnPxRypk2vv/tra1vbG5tF3aKu3v7B4el8lFTJ5mi0KAJT1Q7Iho4k9AwzHBopwqIiDi0otHdxG89gdIskY9mnEJXkIFkfUaJcVK93itV/At/WngVgjlU0LxqvbK3F8YJzQRIQznRuhP4qelaogyjHPJimGlICR2RAXQcSiJAd+300hyfOSXG/US5Jw2eqn8nLBFaj0XkOgUxQ73sTcT/vE5m+jddy2SaGZB0tqifcWwSPPk2jpkCavjYAaGKuVsxHRJFqHHhFEMJzzQRgsjYhnGc23CyQQkb5/miKVKe24eeDZXADnOXX7Cc1io0Ly8Cx/WrSvV2nmQBnaBTdI4CdI2q6B7VUANRBOgFvaI379378D69r1nrmjefOUYL5f38AlnIpRE=</latexit><latexit sha1_base64="TY2ywUIxqj9Hz1VL0jY6A3XmDss=">AAACI3icbZDLSgMxFIYzXmu9tbp0EyyCK5kRQZdFN26EFuwFOqVkMqdtaJIZkoxSwjyBW30En8aduHHhu5heFrb1QODj/8/hnPxRypk2vv/tra1vbG5tF3aKu3v7B4el8lFTJ5mi0KAJT1Q7Iho4k9AwzHBopwqIiDi0otHdxG89gdIskY9mnEJXkIFkfUaJcVK93itV/At/WngVgjlU0LxqvbK3F8YJzQRIQznRuhP4qelaogyjHPJimGlICR2RAXQcSiJAd+300hyfOSXG/US5Jw2eqn8nLBFaj0XkOgUxQ73sTcT/vE5m+jddy2SaGZB0tqifcWwSPPk2jpkCavjYAaGKuVsxHRJFqHHhFEMJzzQRgsjYhnGc23CyQQkb5/miKVKe24eeDZXADnOXX7Cc1io0Ly8Cx/WrSvV2nmQBnaBTdI4CdI2q6B7VUANRBOgFvaI379378D69r1nrmjefOUYL5f38AlnIpRE=</latexit><latexit sha1_base64="TY2ywUIxqj9Hz1VL0jY6A3XmDss=">AAACI3icbZDLSgMxFIYzXmu9tbp0EyyCK5kRQZdFN26EFuwFOqVkMqdtaJIZkoxSwjyBW30En8aduHHhu5heFrb1QODj/8/hnPxRypk2vv/tra1vbG5tF3aKu3v7B4el8lFTJ5mi0KAJT1Q7Iho4k9AwzHBopwqIiDi0otHdxG89gdIskY9mnEJXkIFkfUaJcVK93itV/At/WngVgjlU0LxqvbK3F8YJzQRIQznRuhP4qelaogyjHPJimGlICR2RAXQcSiJAd+300hyfOSXG/US5Jw2eqn8nLBFaj0XkOgUxQ73sTcT/vE5m+jddy2SaGZB0tqifcWwSPPk2jpkCavjYAaGKuVsxHRJFqHHhFEMJzzQRgsjYhnGc23CyQQkb5/miKVKe24eeDZXADnOXX7Cc1io0Ly8Cx/WrSvV2nmQBnaBTdI4CdI2q6B7VUANRBOgFvaI379378D69r1nrmjefOUYL5f38AlnIpRE=</latexit>

M
<latexit sha1_base64="AuMqqRMzUXjPU4fxGY/yeD76ev4=">AAACI3icbZDNSgMxFIUz9b9WbXXpJlgEV2VGBF0W3bgpKNgf6JSSydy2oUlmSDJKCfMEbvURfBp34saF72Jau7CtFwIf59zLvTlRypk2vv/lFdbWNza3tneKu6W9/YNy5bClk0xRaNKEJ6oTEQ2cSWgaZjh0UgVERBza0fhm6rcfQWmWyAczSaEnyFCyAaPEOOm+0S9X/Zo/K7wKwRyqaF53/YpXCuOEZgKkoZxo3Q381PQsUYZRDnkxzDSkhI7JELoOJRGge3Z2aY5PnRLjQaLckwbP1L8TlgitJyJynYKYkV72puJ/Xjczg6ueZTLNDEj6u2iQcWwSPP02jpkCavjEAaGKuVsxHRFFqHHhFEMJTzQRgsjYhnGc23C6QQkb5/miKVKe20bfhkpgh7nLL1hOaxVa57XA8f1FtX49T3IbHaMTdIYCdInq6BbdoSaiCNAzekGv3pv37n14n7+tBW8+c4QWyvv+AVLMpQ0=</latexit><latexit sha1_base64="AuMqqRMzUXjPU4fxGY/yeD76ev4=">AAACI3icbZDNSgMxFIUz9b9WbXXpJlgEV2VGBF0W3bgpKNgf6JSSydy2oUlmSDJKCfMEbvURfBp34saF72Jau7CtFwIf59zLvTlRypk2vv/lFdbWNza3tneKu6W9/YNy5bClk0xRaNKEJ6oTEQ2cSWgaZjh0UgVERBza0fhm6rcfQWmWyAczSaEnyFCyAaPEOOm+0S9X/Zo/K7wKwRyqaF53/YpXCuOEZgKkoZxo3Q381PQsUYZRDnkxzDSkhI7JELoOJRGge3Z2aY5PnRLjQaLckwbP1L8TlgitJyJynYKYkV72puJ/Xjczg6ueZTLNDEj6u2iQcWwSPP02jpkCavjEAaGKuVsxHRFFqHHhFEMJTzQRgsjYhnGc23C6QQkb5/miKVKe20bfhkpgh7nLL1hOaxVa57XA8f1FtX49T3IbHaMTdIYCdInq6BbdoSaiCNAzekGv3pv37n14n7+tBW8+c4QWyvv+AVLMpQ0=</latexit><latexit sha1_base64="AuMqqRMzUXjPU4fxGY/yeD76ev4=">AAACI3icbZDNSgMxFIUz9b9WbXXpJlgEV2VGBF0W3bgpKNgf6JSSydy2oUlmSDJKCfMEbvURfBp34saF72Jau7CtFwIf59zLvTlRypk2vv/lFdbWNza3tneKu6W9/YNy5bClk0xRaNKEJ6oTEQ2cSWgaZjh0UgVERBza0fhm6rcfQWmWyAczSaEnyFCyAaPEOOm+0S9X/Zo/K7wKwRyqaF53/YpXCuOEZgKkoZxo3Q381PQsUYZRDnkxzDSkhI7JELoOJRGge3Z2aY5PnRLjQaLckwbP1L8TlgitJyJynYKYkV72puJ/Xjczg6ueZTLNDEj6u2iQcWwSPP02jpkCavjEAaGKuVsxHRFFqHHhFEMJTzQRgsjYhnGc23C6QQkb5/miKVKe20bfhkpgh7nLL1hOaxVa57XA8f1FtX49T3IbHaMTdIYCdInq6BbdoSaiCNAzekGv3pv37n14n7+tBW8+c4QWyvv+AVLMpQ0=</latexit><latexit sha1_base64="AuMqqRMzUXjPU4fxGY/yeD76ev4=">AAACI3icbZDNSgMxFIUz9b9WbXXpJlgEV2VGBF0W3bgpKNgf6JSSydy2oUlmSDJKCfMEbvURfBp34saF72Jau7CtFwIf59zLvTlRypk2vv/lFdbWNza3tneKu6W9/YNy5bClk0xRaNKEJ6oTEQ2cSWgaZjh0UgVERBza0fhm6rcfQWmWyAczSaEnyFCyAaPEOOm+0S9X/Zo/K7wKwRyqaF53/YpXCuOEZgKkoZxo3Q381PQsUYZRDnkxzDSkhI7JELoOJRGge3Z2aY5PnRLjQaLckwbP1L8TlgitJyJynYKYkV72puJ/Xjczg6ueZTLNDEj6u2iQcWwSPP02jpkCavjEAaGKuVsxHRFFqHHhFEMJTzQRgsjYhnGc23C6QQkb5/miKVKe20bfhkpgh7nLL1hOaxVa57XA8f1FtX49T3IbHaMTdIYCdInq6BbdoSaiCNAzekGv3pv37n14n7+tBW8+c4QWyvv+AVLMpQ0=</latexit>

�ext
N

<latexit sha1_base64="G1jVf+casX2Vr2QB4Qsi1iNytxw="></latexit><latexit sha1_base64="G1jVf+casX2Vr2QB4Qsi1iNytxw="></latexit><latexit sha1_base64="G1jVf+casX2Vr2QB4Qsi1iNytxw="></latexit><latexit sha1_base64="G1jVf+casX2Vr2QB4Qsi1iNytxw="></latexit>

�ext
<latexit sha1_base64="dRvMfoeftBQfsHuvq2gqItgfu80=">AAACMHicbZDPSgMxEMaz/q31vx69BIvgqeyKoMeiFy9CBVuFbi3Z7NQGk+ySZNUS9j286iP4NHoSrz6F2W0PtnVg4Mf3zTDDF6WcaeP7n97c/MLi0nJlpbq6tr6xubW909ZJpii0aMITdRsRDZxJaBlmONymCoiIONxED+eFf/MISrNEXpthCl1B7iXrM0qMk+7CdMDubKgEhmeT97Zqft0vC89CMIYaGlezt+2thXFCMwHSUE607gR+arqWKMMoh7waZhpSQh/IPXQcSiJAd235do4PnBLjfqJcS4NL9e+GJULroYjcpCBmoKe9QvzP62Smf9q1TKaZAUlHh/oZxybBRQY4Zgqo4UMHhCrmfsV0QBShxiVVDSU80UQIImMbxnFuw+KCEjbO80lTpDy3l70yP4dFfsF0WrPQPqoHjq+Oa42zcZIVtIf20SEK0AlqoAvURC1EkUIv6BW9ee/eh/flfY9G57zxzi6aKO/nF6TWquE=</latexit><latexit sha1_base64="dRvMfoeftBQfsHuvq2gqItgfu80=">AAACMHicbZDPSgMxEMaz/q31vx69BIvgqeyKoMeiFy9CBVuFbi3Z7NQGk+ySZNUS9j286iP4NHoSrz6F2W0PtnVg4Mf3zTDDF6WcaeP7n97c/MLi0nJlpbq6tr6xubW909ZJpii0aMITdRsRDZxJaBlmONymCoiIONxED+eFf/MISrNEXpthCl1B7iXrM0qMk+7CdMDubKgEhmeT97Zqft0vC89CMIYaGlezt+2thXFCMwHSUE607gR+arqWKMMoh7waZhpSQh/IPXQcSiJAd235do4PnBLjfqJcS4NL9e+GJULroYjcpCBmoKe9QvzP62Smf9q1TKaZAUlHh/oZxybBRQY4Zgqo4UMHhCrmfsV0QBShxiVVDSU80UQIImMbxnFuw+KCEjbO80lTpDy3l70yP4dFfsF0WrPQPqoHjq+Oa42zcZIVtIf20SEK0AlqoAvURC1EkUIv6BW9ee/eh/flfY9G57zxzi6aKO/nF6TWquE=</latexit><latexit sha1_base64="dRvMfoeftBQfsHuvq2gqItgfu80=">AAACMHicbZDPSgMxEMaz/q31vx69BIvgqeyKoMeiFy9CBVuFbi3Z7NQGk+ySZNUS9j286iP4NHoSrz6F2W0PtnVg4Mf3zTDDF6WcaeP7n97c/MLi0nJlpbq6tr6xubW909ZJpii0aMITdRsRDZxJaBlmONymCoiIONxED+eFf/MISrNEXpthCl1B7iXrM0qMk+7CdMDubKgEhmeT97Zqft0vC89CMIYaGlezt+2thXFCMwHSUE607gR+arqWKMMoh7waZhpSQh/IPXQcSiJAd235do4PnBLjfqJcS4NL9e+GJULroYjcpCBmoKe9QvzP62Smf9q1TKaZAUlHh/oZxybBRQY4Zgqo4UMHhCrmfsV0QBShxiVVDSU80UQIImMbxnFuw+KCEjbO80lTpDy3l70yP4dFfsF0WrPQPqoHjq+Oa42zcZIVtIf20SEK0AlqoAvURC1EkUIv6BW9ee/eh/flfY9G57zxzi6aKO/nF6TWquE=</latexit><latexit sha1_base64="dRvMfoeftBQfsHuvq2gqItgfu80=">AAACMHicbZDPSgMxEMaz/q31vx69BIvgqeyKoMeiFy9CBVuFbi3Z7NQGk+ySZNUS9j286iP4NHoSrz6F2W0PtnVg4Mf3zTDDF6WcaeP7n97c/MLi0nJlpbq6tr6xubW909ZJpii0aMITdRsRDZxJaBlmONymCoiIONxED+eFf/MISrNEXpthCl1B7iXrM0qMk+7CdMDubKgEhmeT97Zqft0vC89CMIYaGlezt+2thXFCMwHSUE607gR+arqWKMMoh7waZhpSQh/IPXQcSiJAd235do4PnBLjfqJcS4NL9e+GJULroYjcpCBmoKe9QvzP62Smf9q1TKaZAUlHh/oZxybBRQY4Zgqo4UMHhCrmfsV0QBShxiVVDSU80UQIImMbxnFuw+KCEjbO80lTpDy3l70yP4dFfsF0WrPQPqoHjq+Oa42zcZIVtIf20SEK0AlqoAvURC1EkUIv6BW9ee/eh/flfY9G57zxzi6aKO/nF6TWquE=</latexit>

gravitational charge

scalar charge

M ~̈r = �Mr�ext
N �QMr�ext

<latexit sha1_base64="3efvckD2zsd8BAtqqA8uHRrDBTs="></latexit><latexit sha1_base64="3efvckD2zsd8BAtqqA8uHRrDBTs="></latexit><latexit sha1_base64="3efvckD2zsd8BAtqqA8uHRrDBTs="></latexit><latexit sha1_base64="3efvckD2zsd8BAtqqA8uHRrDBTs="></latexit>

WEP violated if Q 6= 1, 0
<latexit sha1_base64="biQOi3hA7caQG18BLmihdMA/lNw=">AAACK3icbZDNSgMxFIUz9a/Wqq0u3QSL4KKUGRF0WXTjRmjB/kinlEwmbUOTzJBklBLmKdzqI/g0rhS3voeZtgvbeiHwcc693JsTxIwq7bqfTm5jc2t7J79b2CvuHxyWykdtFSUSkxaOWCS7AVKEUUFammpGurEkiAeMdILJbeZ3nohUNBIPehqTPkcjQYcUI22lx6YviFf1q+6gVHFr7qzgOngLqIBFNQZlp+iHEU44ERozpFTPc2PdN0hqihlJC36iSIzwBI1Iz6JAnKi+mV2cwjOrhHAYSfuEhjP174RBXKkpD2wnR3qsVr1M/M/rJXp43TdUxIkmAs8XDRMGdQSz78OQSoI1m1pAWFJ7K8RjJBHWNqSCTeMZR5wjERo/DFPjZxskN2GaLps8Zqm5Hxhfcmgxtfl5q2mtQ/ui5lluXlbqN4sk8+AEnIJz4IErUAd3oAFaAAMOXsAreHPenQ/ny/met+acxcwxWCrn5xeDxKel</latexit><latexit sha1_base64="biQOi3hA7caQG18BLmihdMA/lNw=">AAACK3icbZDNSgMxFIUz9a/Wqq0u3QSL4KKUGRF0WXTjRmjB/kinlEwmbUOTzJBklBLmKdzqI/g0rhS3voeZtgvbeiHwcc693JsTxIwq7bqfTm5jc2t7J79b2CvuHxyWykdtFSUSkxaOWCS7AVKEUUFammpGurEkiAeMdILJbeZ3nohUNBIPehqTPkcjQYcUI22lx6YviFf1q+6gVHFr7qzgOngLqIBFNQZlp+iHEU44ERozpFTPc2PdN0hqihlJC36iSIzwBI1Iz6JAnKi+mV2cwjOrhHAYSfuEhjP174RBXKkpD2wnR3qsVr1M/M/rJXp43TdUxIkmAs8XDRMGdQSz78OQSoI1m1pAWFJ7K8RjJBHWNqSCTeMZR5wjERo/DFPjZxskN2GaLps8Zqm5Hxhfcmgxtfl5q2mtQ/ui5lluXlbqN4sk8+AEnIJz4IErUAd3oAFaAAMOXsAreHPenQ/ny/met+acxcwxWCrn5xeDxKel</latexit><latexit sha1_base64="biQOi3hA7caQG18BLmihdMA/lNw=">AAACK3icbZDNSgMxFIUz9a/Wqq0u3QSL4KKUGRF0WXTjRmjB/kinlEwmbUOTzJBklBLmKdzqI/g0rhS3voeZtgvbeiHwcc693JsTxIwq7bqfTm5jc2t7J79b2CvuHxyWykdtFSUSkxaOWCS7AVKEUUFammpGurEkiAeMdILJbeZ3nohUNBIPehqTPkcjQYcUI22lx6YviFf1q+6gVHFr7qzgOngLqIBFNQZlp+iHEU44ERozpFTPc2PdN0hqihlJC36iSIzwBI1Iz6JAnKi+mV2cwjOrhHAYSfuEhjP174RBXKkpD2wnR3qsVr1M/M/rJXp43TdUxIkmAs8XDRMGdQSz78OQSoI1m1pAWFJ7K8RjJBHWNqSCTeMZR5wjERo/DFPjZxskN2GaLps8Zqm5Hxhfcmgxtfl5q2mtQ/ui5lluXlbqN4sk8+AEnIJz4IErUAd3oAFaAAMOXsAreHPenQ/ny/met+acxcwxWCrn5xeDxKel</latexit><latexit sha1_base64="biQOi3hA7caQG18BLmihdMA/lNw=">AAACK3icbZDNSgMxFIUz9a/Wqq0u3QSL4KKUGRF0WXTjRmjB/kinlEwmbUOTzJBklBLmKdzqI/g0rhS3voeZtgvbeiHwcc693JsTxIwq7bqfTm5jc2t7J79b2CvuHxyWykdtFSUSkxaOWCS7AVKEUUFammpGurEkiAeMdILJbeZ3nohUNBIPehqTPkcjQYcUI22lx6YviFf1q+6gVHFr7qzgOngLqIBFNQZlp+iHEU44ERozpFTPc2PdN0hqihlJC36iSIzwBI1Iz6JAnKi+mV2cwjOrhHAYSfuEhjP174RBXKkpD2wnR3qsVr1M/M/rJXp43TdUxIkmAs8XDRMGdQSz78OQSoI1m1pAWFJ7K8RjJBHWNqSCTeMZR5wjERo/DFPjZxskN2GaLps8Zqm5Hxhfcmgxtfl5q2mtQ/ui5lluXlbqN4sk8+AEnIJz4IErUAd3oAFaAAMOXsAreHPenQ/ny/met+acxcwxWCrn5xeDxKel</latexit>



Force between two objects

Q1, M1
<latexit sha1_base64="d0udVmLyjnvnFdCMOjjiMvF2J+U=">AAACLHicbZDLSgMxFIYz9VZr1VaXboJFcFHKjAi6LLpxU2jBXrBThkwmbUOTzJBklBLmLdzqI/g0bkTc+hyml4W2Hgh8/P85nJM/TBhV2nU/nNzG5tb2Tn63sFfcPzgslY86Kk4lJm0cs1j2QqQIo4K0NdWM9BJJEA8Z6YaT25nffSRS0Vjc62lCBhyNBB1SjLSVHlqBV/WrsBF4Qani1tx5wXXwllABy2oGZafoRzFOOREaM6RU33MTPTBIaooZyQp+qkiC8ASNSN+iQJyogZmfnMEzq0RwGEv7hIZz9feEQVypKQ9tJ0d6rFa9mfif10/18HpgqEhSTQReLBqmDOoYzv4PIyoJ1mxqAWFJ7a0Qj5FEWNuUCr4gTzjmHInI+FGUGX+2QXITZdlfkycsM43A+JJDi5nNz1tNax06FzXPcuuyUr9ZJpkHJ+AUnAMPXIE6uANN0AYYCPAMXsCr8+a8O5/O16I15yxnjsGfcr5/AKP2p6w=</latexit><latexit sha1_base64="d0udVmLyjnvnFdCMOjjiMvF2J+U=">AAACLHicbZDLSgMxFIYz9VZr1VaXboJFcFHKjAi6LLpxU2jBXrBThkwmbUOTzJBklBLmLdzqI/g0bkTc+hyml4W2Hgh8/P85nJM/TBhV2nU/nNzG5tb2Tn63sFfcPzgslY86Kk4lJm0cs1j2QqQIo4K0NdWM9BJJEA8Z6YaT25nffSRS0Vjc62lCBhyNBB1SjLSVHlqBV/WrsBF4Qani1tx5wXXwllABy2oGZafoRzFOOREaM6RU33MTPTBIaooZyQp+qkiC8ASNSN+iQJyogZmfnMEzq0RwGEv7hIZz9feEQVypKQ9tJ0d6rFa9mfif10/18HpgqEhSTQReLBqmDOoYzv4PIyoJ1mxqAWFJ7a0Qj5FEWNuUCr4gTzjmHInI+FGUGX+2QXITZdlfkycsM43A+JJDi5nNz1tNax06FzXPcuuyUr9ZJpkHJ+AUnAMPXIE6uANN0AYYCPAMXsCr8+a8O5/O16I15yxnjsGfcr5/AKP2p6w=</latexit><latexit sha1_base64="d0udVmLyjnvnFdCMOjjiMvF2J+U=">AAACLHicbZDLSgMxFIYz9VZr1VaXboJFcFHKjAi6LLpxU2jBXrBThkwmbUOTzJBklBLmLdzqI/g0bkTc+hyml4W2Hgh8/P85nJM/TBhV2nU/nNzG5tb2Tn63sFfcPzgslY86Kk4lJm0cs1j2QqQIo4K0NdWM9BJJEA8Z6YaT25nffSRS0Vjc62lCBhyNBB1SjLSVHlqBV/WrsBF4Qani1tx5wXXwllABy2oGZafoRzFOOREaM6RU33MTPTBIaooZyQp+qkiC8ASNSN+iQJyogZmfnMEzq0RwGEv7hIZz9feEQVypKQ9tJ0d6rFa9mfif10/18HpgqEhSTQReLBqmDOoYzv4PIyoJ1mxqAWFJ7a0Qj5FEWNuUCr4gTzjmHInI+FGUGX+2QXITZdlfkycsM43A+JJDi5nNz1tNax06FzXPcuuyUr9ZJpkHJ+AUnAMPXIE6uANN0AYYCPAMXsCr8+a8O5/O16I15yxnjsGfcr5/AKP2p6w=</latexit><latexit sha1_base64="d0udVmLyjnvnFdCMOjjiMvF2J+U=">AAACLHicbZDLSgMxFIYz9VZr1VaXboJFcFHKjAi6LLpxU2jBXrBThkwmbUOTzJBklBLmLdzqI/g0bkTc+hyml4W2Hgh8/P85nJM/TBhV2nU/nNzG5tb2Tn63sFfcPzgslY86Kk4lJm0cs1j2QqQIo4K0NdWM9BJJEA8Z6YaT25nffSRS0Vjc62lCBhyNBB1SjLSVHlqBV/WrsBF4Qani1tx5wXXwllABy2oGZafoRzFOOREaM6RU33MTPTBIaooZyQp+qkiC8ASNSN+iQJyogZmfnMEzq0RwGEv7hIZz9feEQVypKQ9tJ0d6rFa9mfif10/18HpgqEhSTQReLBqmDOoYzv4PIyoJ1mxqAWFJ7a0Qj5FEWNuUCr4gTzjmHInI+FGUGX+2QXITZdlfkycsM43A+JJDi5nNz1tNax06FzXPcuuyUr9ZJpkHJ+AUnAMPXIE6uANN0AYYCPAMXsCr8+a8O5/O16I15yxnjsGfcr5/AKP2p6w=</latexit>

Q2, M2
<latexit sha1_base64="Ufxtmb8W7bM4DwUZcNixDhzBLGU=">AAACLHicbZDNSgMxFIUz9a/Wqq0u3QSL4KKUmSLosujGTaEFa4udMmQyaRuaZIYko5Qwb+FWH8GncSPi1ucwU7vQ6oXAxzn3cm9OmDCqtOu+OYW19Y3NreJ2aae8u7dfqR7cqjiVmPRwzGI5CJEijArS01QzMkgkQTxkpB/OrnK/f0+korG40fOEjDiaCDqmGGkr3XWDZt2vw3bQDCo1t+EuCv4Fbwk1sKxOUHXKfhTjlBOhMUNKDT030SODpKaYkazkp4okCM/QhAwtCsSJGpnFyRk8sUoEx7G0T2i4UH9OGMSVmvPQdnKkp2rVy8X/vGGqxxcjQ0WSaiLw96JxyqCOYf5/GFFJsGZzCwhLam+FeIokwtqmVPIFecAx50hExo+izPj5BslNlGW/TZ6wzLQD40sOLWY2P281rb9w22x4lrtntdblMskiOALH4BR44By0wDXogB7AQIBH8ASenRfn1Xl3Pr5bC85y5hD8KufzC6d7p64=</latexit><latexit sha1_base64="Ufxtmb8W7bM4DwUZcNixDhzBLGU=">AAACLHicbZDNSgMxFIUz9a/Wqq0u3QSL4KKUmSLosujGTaEFa4udMmQyaRuaZIYko5Qwb+FWH8GncSPi1ucwU7vQ6oXAxzn3cm9OmDCqtOu+OYW19Y3NreJ2aae8u7dfqR7cqjiVmPRwzGI5CJEijArS01QzMkgkQTxkpB/OrnK/f0+korG40fOEjDiaCDqmGGkr3XWDZt2vw3bQDCo1t+EuCv4Fbwk1sKxOUHXKfhTjlBOhMUNKDT030SODpKaYkazkp4okCM/QhAwtCsSJGpnFyRk8sUoEx7G0T2i4UH9OGMSVmvPQdnKkp2rVy8X/vGGqxxcjQ0WSaiLw96JxyqCOYf5/GFFJsGZzCwhLam+FeIokwtqmVPIFecAx50hExo+izPj5BslNlGW/TZ6wzLQD40sOLWY2P281rb9w22x4lrtntdblMskiOALH4BR44By0wDXogB7AQIBH8ASenRfn1Xl3Pr5bC85y5hD8KufzC6d7p64=</latexit><latexit sha1_base64="Ufxtmb8W7bM4DwUZcNixDhzBLGU=">AAACLHicbZDNSgMxFIUz9a/Wqq0u3QSL4KKUmSLosujGTaEFa4udMmQyaRuaZIYko5Qwb+FWH8GncSPi1ucwU7vQ6oXAxzn3cm9OmDCqtOu+OYW19Y3NreJ2aae8u7dfqR7cqjiVmPRwzGI5CJEijArS01QzMkgkQTxkpB/OrnK/f0+korG40fOEjDiaCDqmGGkr3XWDZt2vw3bQDCo1t+EuCv4Fbwk1sKxOUHXKfhTjlBOhMUNKDT030SODpKaYkazkp4okCM/QhAwtCsSJGpnFyRk8sUoEx7G0T2i4UH9OGMSVmvPQdnKkp2rVy8X/vGGqxxcjQ0WSaiLw96JxyqCOYf5/GFFJsGZzCwhLam+FeIokwtqmVPIFecAx50hExo+izPj5BslNlGW/TZ6wzLQD40sOLWY2P281rb9w22x4lrtntdblMskiOALH4BR44By0wDXogB7AQIBH8ASenRfn1Xl3Pr5bC85y5hD8KufzC6d7p64=</latexit><latexit sha1_base64="Ufxtmb8W7bM4DwUZcNixDhzBLGU=">AAACLHicbZDNSgMxFIUz9a/Wqq0u3QSL4KKUmSLosujGTaEFa4udMmQyaRuaZIYko5Qwb+FWH8GncSPi1ucwU7vQ6oXAxzn3cm9OmDCqtOu+OYW19Y3NreJ2aae8u7dfqR7cqjiVmPRwzGI5CJEijArS01QzMkgkQTxkpB/OrnK/f0+korG40fOEjDiaCDqmGGkr3XWDZt2vw3bQDCo1t+EuCv4Fbwk1sKxOUHXKfhTjlBOhMUNKDT030SODpKaYkazkp4okCM/QhAwtCsSJGpnFyRk8sUoEx7G0T2i4UH9OGMSVmvPQdnKkp2rVy8X/vGGqxxcjQ0WSaiLw96JxyqCOYf5/GFFJsGZzCwhLam+FeIokwtqmVPIFecAx50hExo+izPj5BslNlGW/TZ6wzLQD40sOLWY2P281rb9w22x4lrtntdblMskiOALH4BR44By0wDXogB7AQIBH8ASenRfn1Xl3Pr5bC85y5hD8KufzC6d7p64=</latexit>

F1,2
<latexit sha1_base64="6RZnX8Xywhu4wjMHyjHZaF2ui4c=">AAACKXicbZDNSgMxFIUz9a/Wqq0u3QSL4ELKTBF0WRTEjVDB/kCnlEwmbUOTzJBklBLmIdzqI/g07tStL2KmnYW2Xgh8nHMv9+YEMaNKu+6nU1hb39jcKm6Xdsq7e/uV6kFHRYnEpI0jFslegBRhVJC2ppqRXiwJ4gEj3WB6nfndRyIVjcSDnsVkwNFY0BHFSFupezM03lkjHVZqbt2dF1wFL4cayKs1rDplP4xwwonQmCGl+p4b64FBUlPMSFryE0VihKdoTPoWBeJEDcz83hSeWCWEo0jaJzScq78nDOJKzXhgOznSE7XsZeJ/Xj/Ro8uBoSJONBF4sWiUMKgjmH0ehlQSrNnMAsKS2lshniCJsLYRlXxBnnDEORKh8cMwNX62QXITpulfk8csNXdD40sOLWb5ectprUKnUfcs35/Xmld5kkVwBI7BKfDABWiCW9ACbYDBFDyDF/DqvDnvzofztWgtOPnMIfhTzvcPfMmnKA==</latexit><latexit sha1_base64="6RZnX8Xywhu4wjMHyjHZaF2ui4c=">AAACKXicbZDNSgMxFIUz9a/Wqq0u3QSL4ELKTBF0WRTEjVDB/kCnlEwmbUOTzJBklBLmIdzqI/g07tStL2KmnYW2Xgh8nHMv9+YEMaNKu+6nU1hb39jcKm6Xdsq7e/uV6kFHRYnEpI0jFslegBRhVJC2ppqRXiwJ4gEj3WB6nfndRyIVjcSDnsVkwNFY0BHFSFupezM03lkjHVZqbt2dF1wFL4cayKs1rDplP4xwwonQmCGl+p4b64FBUlPMSFryE0VihKdoTPoWBeJEDcz83hSeWCWEo0jaJzScq78nDOJKzXhgOznSE7XsZeJ/Xj/Ro8uBoSJONBF4sWiUMKgjmH0ehlQSrNnMAsKS2lshniCJsLYRlXxBnnDEORKh8cMwNX62QXITpulfk8csNXdD40sOLWb5ectprUKnUfcs35/Xmld5kkVwBI7BKfDABWiCW9ACbYDBFDyDF/DqvDnvzofztWgtOPnMIfhTzvcPfMmnKA==</latexit><latexit sha1_base64="6RZnX8Xywhu4wjMHyjHZaF2ui4c=">AAACKXicbZDNSgMxFIUz9a/Wqq0u3QSL4ELKTBF0WRTEjVDB/kCnlEwmbUOTzJBklBLmIdzqI/g07tStL2KmnYW2Xgh8nHMv9+YEMaNKu+6nU1hb39jcKm6Xdsq7e/uV6kFHRYnEpI0jFslegBRhVJC2ppqRXiwJ4gEj3WB6nfndRyIVjcSDnsVkwNFY0BHFSFupezM03lkjHVZqbt2dF1wFL4cayKs1rDplP4xwwonQmCGl+p4b64FBUlPMSFryE0VihKdoTPoWBeJEDcz83hSeWCWEo0jaJzScq78nDOJKzXhgOznSE7XsZeJ/Xj/Ro8uBoSJONBF4sWiUMKgjmH0ehlQSrNnMAsKS2lshniCJsLYRlXxBnnDEORKh8cMwNX62QXITpulfk8csNXdD40sOLWb5ectprUKnUfcs35/Xmld5kkVwBI7BKfDABWiCW9ACbYDBFDyDF/DqvDnvzofztWgtOPnMIfhTzvcPfMmnKA==</latexit><latexit sha1_base64="6RZnX8Xywhu4wjMHyjHZaF2ui4c=">AAACKXicbZDNSgMxFIUz9a/Wqq0u3QSL4ELKTBF0WRTEjVDB/kCnlEwmbUOTzJBklBLmIdzqI/g07tStL2KmnYW2Xgh8nHMv9+YEMaNKu+6nU1hb39jcKm6Xdsq7e/uV6kFHRYnEpI0jFslegBRhVJC2ppqRXiwJ4gEj3WB6nfndRyIVjcSDnsVkwNFY0BHFSFupezM03lkjHVZqbt2dF1wFL4cayKs1rDplP4xwwonQmCGl+p4b64FBUlPMSFryE0VihKdoTPoWBeJEDcz83hSeWCWEo0jaJzScq78nDOJKzXhgOznSE7XsZeJ/Xj/Ro8uBoSJONBF4sWiUMKgjmH0ehlQSrNnMAsKS2lshniCJsLYRlXxBnnDEORKh8cMwNX62QXITpulfk8csNXdD40sOLWb5ectprUKnUfcs35/Xmld5kkVwBI7BKfDABWiCW9ACbYDBFDyDF/DqvDnvzofztWgtOPnMIfhTzvcPfMmnKA==</latexit>

F1,2 =
GM1M2

r2
(1 + 2Q1Q2)

<latexit sha1_base64="j9twesGW66XCVhcBe678pRABWT8="></latexit><latexit sha1_base64="j9twesGW66XCVhcBe678pRABWT8="></latexit><latexit sha1_base64="j9twesGW66XCVhcBe678pRABWT8="></latexit><latexit sha1_base64="j9twesGW66XCVhcBe678pRABWT8="></latexit>



PPN

g00 = �1 + 2
GM

r
� 2�

✓
GM

r

◆2

+ · · ·
<latexit sha1_base64="9nNpqCmPMc2ynIIpdq9JXTvb4Ys="></latexit><latexit sha1_base64="9nNpqCmPMc2ynIIpdq9JXTvb4Ys="></latexit><latexit sha1_base64="9nNpqCmPMc2ynIIpdq9JXTvb4Ys="></latexit><latexit sha1_base64="9nNpqCmPMc2ynIIpdq9JXTvb4Ys="></latexit>

gij =

✓
1 + 2�

GM

R

◆
�ij

<latexit sha1_base64="eAV3eHOtk9j1K3qE/qyRRPIWiQU="></latexit><latexit sha1_base64="eAV3eHOtk9j1K3qE/qyRRPIWiQU="></latexit><latexit sha1_base64="eAV3eHOtk9j1K3qE/qyRRPIWiQU="></latexit><latexit sha1_base64="eAV3eHOtk9j1K3qE/qyRRPIWiQU="></latexit>

Normalization of G fixed here

PPN does not include WEP violations!



Example: massless scalar
S =

M2
pl

2

Z
d4x

p
�g [R�rµ�rµ�] + Sm[e2��gµ⌫ ]

<latexit sha1_base64="QDCpbEIbTw3UlcOR5wnCcP2OAXE="></latexit><latexit sha1_base64="QDCpbEIbTw3UlcOR5wnCcP2OAXE="></latexit><latexit sha1_base64="QDCpbEIbTw3UlcOR5wnCcP2OAXE="></latexit><latexit sha1_base64="QDCpbEIbTw3UlcOR5wnCcP2OAXE="></latexit>

r2� = 8⇡�G⇢ ) � = 2�
GM

r
<latexit sha1_base64="hzfrHQk4wBD8Yna668jOMyHEXGQ="></latexit><latexit sha1_base64="hzfrHQk4wBD8Yna668jOMyHEXGQ="></latexit><latexit sha1_base64="hzfrHQk4wBD8Yna668jOMyHEXGQ="></latexit><latexit sha1_base64="hzfrHQk4wBD8Yna668jOMyHEXGQ="></latexit>

Do PPN for the Sun:

g00 = �1 + 2
GM

r
) g̃00 = �1 + 2(1 + 2�2)

GM

r
<latexit sha1_base64="F9ASt7gtfAcZbiH7YbZCbKebMZI="></latexit><latexit sha1_base64="F9ASt7gtfAcZbiH7YbZCbKebMZI="></latexit><latexit sha1_base64="F9ASt7gtfAcZbiH7YbZCbKebMZI="></latexit><latexit sha1_base64="F9ASt7gtfAcZbiH7YbZCbKebMZI="></latexit>



Example: massless scalar

g̃00 = �1 + 2(1 + 2�2)
GM

r
<latexit sha1_base64="zyy9sOf9BXqvX3SOPtYNHPbO+WE="></latexit><latexit sha1_base64="zyy9sOf9BXqvX3SOPtYNHPbO+WE="></latexit><latexit sha1_base64="zyy9sOf9BXqvX3SOPtYNHPbO+WE="></latexit><latexit sha1_base64="zyy9sOf9BXqvX3SOPtYNHPbO+WE="></latexit>

g̃ij =

✓
1 + 2(1� 2�2)

GM

r

◆
�ij

<latexit sha1_base64="/Yj2ZZRMkuEbgaXroN1qwmnnEQw="></latexit><latexit sha1_base64="/Yj2ZZRMkuEbgaXroN1qwmnnEQw="></latexit><latexit sha1_base64="/Yj2ZZRMkuEbgaXroN1qwmnnEQw="></latexit><latexit sha1_base64="/Yj2ZZRMkuEbgaXroN1qwmnnEQw="></latexit>

g00 = �1 + 2
GM

r
� 2�

✓
GM

r

◆2

+ · · ·
<latexit sha1_base64="9nNpqCmPMc2ynIIpdq9JXTvb4Ys="></latexit><latexit sha1_base64="9nNpqCmPMc2ynIIpdq9JXTvb4Ys="></latexit><latexit sha1_base64="9nNpqCmPMc2ynIIpdq9JXTvb4Ys="></latexit><latexit sha1_base64="9nNpqCmPMc2ynIIpdq9JXTvb4Ys="></latexit>

G ! G

1 + 2�2
<latexit sha1_base64="4W9L+KgZuLVeWBknAwCg6LROMfA="></latexit><latexit sha1_base64="4W9L+KgZuLVeWBknAwCg6LROMfA="></latexit><latexit sha1_base64="4W9L+KgZuLVeWBknAwCg6LROMfA="></latexit><latexit sha1_base64="4W9L+KgZuLVeWBknAwCg6LROMfA="></latexit>g̃ij =

✓
1 + 2

(1� 2�2)

1 + 2�2

GM

r

◆
�ij

<latexit sha1_base64="DaAB3Nr7N8NhDV4JqIgIwsZwdn4="></latexit><latexit sha1_base64="DaAB3Nr7N8NhDV4JqIgIwsZwdn4="></latexit><latexit sha1_base64="DaAB3Nr7N8NhDV4JqIgIwsZwdn4="></latexit><latexit sha1_base64="DaAB3Nr7N8NhDV4JqIgIwsZwdn4="></latexit>

g̃00 = �1 + 2
GM

r
<latexit sha1_base64="gO10Aam31vphTtkHzDrg4+u0gJo="></latexit><latexit sha1_base64="gO10Aam31vphTtkHzDrg4+u0gJo="></latexit><latexit sha1_base64="gO10Aam31vphTtkHzDrg4+u0gJo="></latexit><latexit sha1_base64="gO10Aam31vphTtkHzDrg4+u0gJo="></latexit>

� =
1� 2�2

1 + 2�2
<latexit sha1_base64="/+vdnwrjUg/Cr5riNq0MFNl9GEA="></latexit><latexit sha1_base64="/+vdnwrjUg/Cr5riNq0MFNl9GEA="></latexit><latexit sha1_base64="/+vdnwrjUg/Cr5riNq0MFNl9GEA="></latexit><latexit sha1_base64="/+vdnwrjUg/Cr5riNq0MFNl9GEA="></latexit>



Chameleons: naive
� = 2�Q

GM

r
<latexit sha1_base64="wXeXGinqkoiHh+EAV7t64nz4UCk="></latexit><latexit sha1_base64="wXeXGinqkoiHh+EAV7t64nz4UCk="></latexit><latexit sha1_base64="wXeXGinqkoiHh+EAV7t64nz4UCk="></latexit><latexit sha1_base64="wXeXGinqkoiHh+EAV7t64nz4UCk="></latexit>

G ! G

1 + 2�Q
<latexit sha1_base64="kk/Tc2YDLZAuhhj91rw4EuStJhQ="></latexit><latexit sha1_base64="kk/Tc2YDLZAuhhj91rw4EuStJhQ="></latexit><latexit sha1_base64="kk/Tc2YDLZAuhhj91rw4EuStJhQ="></latexit><latexit sha1_base64="kk/Tc2YDLZAuhhj91rw4EuStJhQ="></latexit>

� =
1� 2�Q

1 + 2�Q
<latexit sha1_base64="t/WQoCf7jq+Nh+nBYu4afLfdMW0="></latexit><latexit sha1_base64="t/WQoCf7jq+Nh+nBYu4afLfdMW0="></latexit><latexit sha1_base64="t/WQoCf7jq+Nh+nBYu4afLfdMW0="></latexit><latexit sha1_base64="t/WQoCf7jq+Nh+nBYu4afLfdMW0="></latexit>

g̃00 = �1 + 2(1 + 2�Q)
GM

r
<latexit sha1_base64="ra7p70YzcwNX3tRMmRKHKJxcaCs="></latexit><latexit sha1_base64="ra7p70YzcwNX3tRMmRKHKJxcaCs="></latexit><latexit sha1_base64="ra7p70YzcwNX3tRMmRKHKJxcaCs="></latexit><latexit sha1_base64="ra7p70YzcwNX3tRMmRKHKJxcaCs="></latexit>

g̃ij =

✓
1 +

1� 2�Q

1 + 2�Q

GM

r

◆
�ij

<latexit sha1_base64="PR1KTUP3Ykdfb5ZXk/YhPXgsKVY="></latexit><latexit sha1_base64="PR1KTUP3Ykdfb5ZXk/YhPXgsKVY="></latexit><latexit sha1_base64="PR1KTUP3Ykdfb5ZXk/YhPXgsKVY="></latexit><latexit sha1_base64="PR1KTUP3Ykdfb5ZXk/YhPXgsKVY="></latexit>

What is the value of G?



WEP violations are important!

measured value

GN =
G

1 + 2Q�Q�
<latexit sha1_base64="Y4/6gfXEZl1WKa+nsU+XWHWWEM4="></latexit><latexit sha1_base64="Y4/6gfXEZl1WKa+nsU+XWHWWEM4="></latexit><latexit sha1_base64="Y4/6gfXEZl1WKa+nsU+XWHWWEM4="></latexit><latexit sha1_base64="Y4/6gfXEZl1WKa+nsU+XWHWWEM4="></latexit>

F�,� = (1 + 2Q�Q�)
GM�M�

r2�,�
<latexit sha1_base64="pPEkr8tBb5HPqVPzzZZDVvUeHoY="></latexit><latexit sha1_base64="pPEkr8tBb5HPqVPzzZZDVvUeHoY="></latexit><latexit sha1_base64="pPEkr8tBb5HPqVPzzZZDVvUeHoY="></latexit><latexit sha1_base64="pPEkr8tBb5HPqVPzzZZDVvUeHoY="></latexit>



This effects the measurement
✓

<latexit sha1_base64="EfbrBxznUhyY8VqT1su89mERlzA=">AAACKHicbZDPSgMxEMaz/rfW/0cvwSJ4kl0R9Ch68SJUsLXQLSWbndpokl2SWaWEfQev+gg+jTfp1ScxrT1Y60Dgx/fNMJMvyaWwGIbDYG5+YXFpeWW1slZd39jc2t5p2qwwHBo8k5lpJcyCFBoaKFBCKzfAVCLhLnm8HPl3T2CsyPQtDnLoKHavRU9whl5qxtgHZN2tWngUjovOQjSBGplUvbsdVOM044UCjVwya9tRmGPHMYOCSygrcWEhZ/yR3UPbo2YKbMeNzy3pgVdS2suMfxrpWP094ZiydqAS36kY9u1fbyT+57UL7J11nNB5gaD5z6JeISlmdPR3mgoDHOXAA+NG+Fsp7zPDOPqEKrGGZ54pxXTq4jQtXTzaYJRLy3LaVLks3XXXxUZRj6XPL/qb1iw0j48izzcntfOLSZIrZI/sk0MSkVNyTq5InTQIJw/khbySt+A9+Ag+g+FP61wwmdklUxV8fQPRZKdk</latexit><latexit sha1_base64="EfbrBxznUhyY8VqT1su89mERlzA=">AAACKHicbZDPSgMxEMaz/rfW/0cvwSJ4kl0R9Ch68SJUsLXQLSWbndpokl2SWaWEfQev+gg+jTfp1ScxrT1Y60Dgx/fNMJMvyaWwGIbDYG5+YXFpeWW1slZd39jc2t5p2qwwHBo8k5lpJcyCFBoaKFBCKzfAVCLhLnm8HPl3T2CsyPQtDnLoKHavRU9whl5qxtgHZN2tWngUjovOQjSBGplUvbsdVOM044UCjVwya9tRmGPHMYOCSygrcWEhZ/yR3UPbo2YKbMeNzy3pgVdS2suMfxrpWP094ZiydqAS36kY9u1fbyT+57UL7J11nNB5gaD5z6JeISlmdPR3mgoDHOXAA+NG+Fsp7zPDOPqEKrGGZ54pxXTq4jQtXTzaYJRLy3LaVLks3XXXxUZRj6XPL/qb1iw0j48izzcntfOLSZIrZI/sk0MSkVNyTq5InTQIJw/khbySt+A9+Ag+g+FP61wwmdklUxV8fQPRZKdk</latexit><latexit sha1_base64="EfbrBxznUhyY8VqT1su89mERlzA=">AAACKHicbZDPSgMxEMaz/rfW/0cvwSJ4kl0R9Ch68SJUsLXQLSWbndpokl2SWaWEfQev+gg+jTfp1ScxrT1Y60Dgx/fNMJMvyaWwGIbDYG5+YXFpeWW1slZd39jc2t5p2qwwHBo8k5lpJcyCFBoaKFBCKzfAVCLhLnm8HPl3T2CsyPQtDnLoKHavRU9whl5qxtgHZN2tWngUjovOQjSBGplUvbsdVOM044UCjVwya9tRmGPHMYOCSygrcWEhZ/yR3UPbo2YKbMeNzy3pgVdS2suMfxrpWP094ZiydqAS36kY9u1fbyT+57UL7J11nNB5gaD5z6JeISlmdPR3mgoDHOXAA+NG+Fsp7zPDOPqEKrGGZ54pxXTq4jQtXTzaYJRLy3LaVLks3XXXxUZRj6XPL/qb1iw0j48izzcntfOLSZIrZI/sk0MSkVNyTq5InTQIJw/khbySt+A9+Ag+g+FP61wwmdklUxV8fQPRZKdk</latexit><latexit sha1_base64="EfbrBxznUhyY8VqT1su89mERlzA=">AAACKHicbZDPSgMxEMaz/rfW/0cvwSJ4kl0R9Ch68SJUsLXQLSWbndpokl2SWaWEfQev+gg+jTfp1ScxrT1Y60Dgx/fNMJMvyaWwGIbDYG5+YXFpeWW1slZd39jc2t5p2qwwHBo8k5lpJcyCFBoaKFBCKzfAVCLhLnm8HPl3T2CsyPQtDnLoKHavRU9whl5qxtgHZN2tWngUjovOQjSBGplUvbsdVOM044UCjVwya9tRmGPHMYOCSygrcWEhZ/yR3UPbo2YKbMeNzy3pgVdS2suMfxrpWP094ZiydqAS36kY9u1fbyT+57UL7J11nNB5gaD5z6JeISlmdPR3mgoDHOXAA+NG+Fsp7zPDOPqEKrGGZ54pxXTq4jQtXTzaYJRLy3LaVLks3XXXxUZRj6XPL/qb1iw0j48izzcntfOLSZIrZI/sk0MSkVNyTq5InTQIJw/khbySt+A9+Ag+g+FP61wwmdklUxV8fQPRZKdk</latexit>

b
<latexit sha1_base64="A8iBCnfIShVRS2gCwiiC3n2FHVY=">AAACI3icbZDJSgQxEIYTd8ddj16Cg+BJukXQo+jFizADzihMN0M6Xa3BLE2SVobQT+BVH8Gn8SZePPguZpaDW0Hg4/+rqMqflYJbF0UfeGp6ZnZufmGxsbS8srq2vrHZtboyDDpMC22uM2pBcAUdx52A69IAlZmAq+zubOhf3YOxXKtLNyghlfRG8YIz6oLUzvrrzWg/GhX5C/EEmmhSrf4GXk5yzSoJyjFBre3FUelST43jTEDdSCoLJWV39AZ6ARWVYFM/urQmu0HJSaFNeMqRkfp9wlNp7UBmoVNSd2t/e0PxP69XueI49VyVlQPFxouKShCnyfDbJOcGmBODAJQZHm4l7JYaylwIp5EoeGBaSqpyn+R57ZPhBiN9Xtc/TVmK2l/0fWIkCViH/OLfaf2F7sF+HLh92Dw5nSS5gLbRDtpDMTpCJ+gctVAHMQToET2hZ/yCX/Ebfh+3TuHJzBb6UfjzC3d3pSI=</latexit><latexit sha1_base64="A8iBCnfIShVRS2gCwiiC3n2FHVY=">AAACI3icbZDJSgQxEIYTd8ddj16Cg+BJukXQo+jFizADzihMN0M6Xa3BLE2SVobQT+BVH8Gn8SZePPguZpaDW0Hg4/+rqMqflYJbF0UfeGp6ZnZufmGxsbS8srq2vrHZtboyDDpMC22uM2pBcAUdx52A69IAlZmAq+zubOhf3YOxXKtLNyghlfRG8YIz6oLUzvrrzWg/GhX5C/EEmmhSrf4GXk5yzSoJyjFBre3FUelST43jTEDdSCoLJWV39AZ6ARWVYFM/urQmu0HJSaFNeMqRkfp9wlNp7UBmoVNSd2t/e0PxP69XueI49VyVlQPFxouKShCnyfDbJOcGmBODAJQZHm4l7JYaylwIp5EoeGBaSqpyn+R57ZPhBiN9Xtc/TVmK2l/0fWIkCViH/OLfaf2F7sF+HLh92Dw5nSS5gLbRDtpDMTpCJ+gctVAHMQToET2hZ/yCX/Ebfh+3TuHJzBb6UfjzC3d3pSI=</latexit><latexit sha1_base64="A8iBCnfIShVRS2gCwiiC3n2FHVY=">AAACI3icbZDJSgQxEIYTd8ddj16Cg+BJukXQo+jFizADzihMN0M6Xa3BLE2SVobQT+BVH8Gn8SZePPguZpaDW0Hg4/+rqMqflYJbF0UfeGp6ZnZufmGxsbS8srq2vrHZtboyDDpMC22uM2pBcAUdx52A69IAlZmAq+zubOhf3YOxXKtLNyghlfRG8YIz6oLUzvrrzWg/GhX5C/EEmmhSrf4GXk5yzSoJyjFBre3FUelST43jTEDdSCoLJWV39AZ6ARWVYFM/urQmu0HJSaFNeMqRkfp9wlNp7UBmoVNSd2t/e0PxP69XueI49VyVlQPFxouKShCnyfDbJOcGmBODAJQZHm4l7JYaylwIp5EoeGBaSqpyn+R57ZPhBiN9Xtc/TVmK2l/0fWIkCViH/OLfaf2F7sF+HLh92Dw5nSS5gLbRDtpDMTpCJ+gctVAHMQToET2hZ/yCX/Ebfh+3TuHJzBb6UfjzC3d3pSI=</latexit><latexit sha1_base64="A8iBCnfIShVRS2gCwiiC3n2FHVY=">AAACI3icbZDJSgQxEIYTd8ddj16Cg+BJukXQo+jFizADzihMN0M6Xa3BLE2SVobQT+BVH8Gn8SZePPguZpaDW0Hg4/+rqMqflYJbF0UfeGp6ZnZufmGxsbS8srq2vrHZtboyDDpMC22uM2pBcAUdx52A69IAlZmAq+zubOhf3YOxXKtLNyghlfRG8YIz6oLUzvrrzWg/GhX5C/EEmmhSrf4GXk5yzSoJyjFBre3FUelST43jTEDdSCoLJWV39AZ6ARWVYFM/urQmu0HJSaFNeMqRkfp9wlNp7UBmoVNSd2t/e0PxP69XueI49VyVlQPFxouKShCnyfDbJOcGmBODAJQZHm4l7JYaylwIp5EoeGBaSqpyn+R57ZPhBiN9Xtc/TVmK2l/0fWIkCViH/OLfaf2F7sF+HLh92Dw5nSS5gLbRDtpDMTpCJ+gctVAHMQToET2hZ/yCX/Ebfh+3TuHJzBb6UfjzC3d3pSI=</latexit>

✓ =
4GM

b

✓
1 + �

2

◆

<latexit sha1_base64="vh7p9gdnIE+ljbryur470UCDCc8="></latexit><latexit sha1_base64="vh7p9gdnIE+ljbryur470UCDCc8="></latexit><latexit sha1_base64="vh7p9gdnIE+ljbryur470UCDCc8="></latexit><latexit sha1_base64="vh7p9gdnIE+ljbryur470UCDCc8="></latexit>

�e↵ = 2(1 + 2Q�Q�)� 1
<latexit sha1_base64="dGrKKB3vr8dDI2yYOqYT0g6yg/g="></latexit><latexit sha1_base64="dGrKKB3vr8dDI2yYOqYT0g6yg/g="></latexit><latexit sha1_base64="dGrKKB3vr8dDI2yYOqYT0g6yg/g="></latexit><latexit sha1_base64="dGrKKB3vr8dDI2yYOqYT0g6yg/g="></latexit>

value probed by experiments

=
4GNM

b
(1 + 2Q�Q�)

<latexit sha1_base64="Gbt5ssINyXpDyX7SMXcaNZbIVQg="></latexit><latexit sha1_base64="Gbt5ssINyXpDyX7SMXcaNZbIVQg="></latexit><latexit sha1_base64="Gbt5ssINyXpDyX7SMXcaNZbIVQg="></latexit><latexit sha1_base64="Gbt5ssINyXpDyX7SMXcaNZbIVQg="></latexit>



Constraints weaker than expected!

Qi ⇡
GMi

Ri
<latexit sha1_base64="yTrqDpW+MpYh2sQ7X0izXhOyRWw="></latexit><latexit sha1_base64="yTrqDpW+MpYh2sQ7X0izXhOyRWw="></latexit><latexit sha1_base64="yTrqDpW+MpYh2sQ7X0izXhOyRWw="></latexit><latexit sha1_base64="yTrqDpW+MpYh2sQ7X0izXhOyRWw="></latexit>

Screened body:

Q� ⇠ 10�6
<latexit sha1_base64="MHAro8Pvbn6bfqUI3kzTwpAs0tY="></latexit><latexit sha1_base64="MHAro8Pvbn6bfqUI3kzTwpAs0tY="></latexit><latexit sha1_base64="MHAro8Pvbn6bfqUI3kzTwpAs0tY="></latexit><latexit sha1_base64="MHAro8Pvbn6bfqUI3kzTwpAs0tY="></latexit>

Q� ⇠ 10�9
<latexit sha1_base64="g3Nl/WRXML0dkwQjcA9W+g7JxYE="></latexit><latexit sha1_base64="g3Nl/WRXML0dkwQjcA9W+g7JxYE="></latexit><latexit sha1_base64="g3Nl/WRXML0dkwQjcA9W+g7JxYE="></latexit><latexit sha1_base64="g3Nl/WRXML0dkwQjcA9W+g7JxYE="></latexit>

� =
1� 2�Q

1 + 2�Q
) � � 1 ⇠ 10�6

<latexit sha1_base64="sPjVlab7AzKzbwmrv0J3frTXjro="></latexit><latexit sha1_base64="sPjVlab7AzKzbwmrv0J3frTXjro="></latexit><latexit sha1_base64="sPjVlab7AzKzbwmrv0J3frTXjro="></latexit><latexit sha1_base64="sPjVlab7AzKzbwmrv0J3frTXjro="></latexit>

�e↵ = 2(1 +Q�Q�)� 1 ) �e↵ � 1 ⇠ 10�15
<latexit sha1_base64="QdHI1DBlapJ/d+fFakYLK448zOw="></latexit><latexit sha1_base64="QdHI1DBlapJ/d+fFakYLK448zOw="></latexit><latexit sha1_base64="QdHI1DBlapJ/d+fFakYLK448zOw="></latexit><latexit sha1_base64="QdHI1DBlapJ/d+fFakYLK448zOw="></latexit>



Further complications for PPN

• Measuring parameters sensitive to quadruple moment 

• Solar system dynamics depends on all planets 

• Perturbations from Jupiter important 

(assumes Laplacian structure)

(need to account for WEP violations)

(WEP + 3+-body problem)



Black holes

S = M2
pl

Z
d4x

p
�g


R

2
� 1

2
rµ�rµ�� V (�)

�
+ Sm[A2(�)gµ⌫ ]

<latexit sha1_base64="/i0LwAZxoAAvpE6N7BVeDT/xgy0="></latexit><latexit sha1_base64="/i0LwAZxoAAvpE6N7BVeDT/xgy0="></latexit><latexit sha1_base64="/i0LwAZxoAAvpE6N7BVeDT/xgy0="></latexit><latexit sha1_base64="/i0LwAZxoAAvpE6N7BVeDT/xgy0="></latexit>

Classic no-hair theorems
Black holes look like GR

May be effects if accretion disks are present
(Davis, Gregory, Jha & Muir’14, Davis, Gregory & Jha ‘16)

(Neutron stars highly screened)



Outstanding problems

• Can we include WEP in PPN? 

• Can we at least have a chameleon-PPN? 

• Equivalent calculation for �
<latexit sha1_base64="Gqe00rCJ+/fo1cI5Kbh+v2P7Nr4=">AAACJ3icbZDLSgMxFIYz9VZrvVSXboJFcFVmRNCl6MaNUMFeoFNKJnPahiaZIckoJcwzuNVH8GnciS59E9PLwrYeCHz8/zmckz9KOdPG97+9wtr6xuZWcbu0U97d2z+oHDZ1kikKDZrwRLUjooEzCQ3DDId2qoCIiEMrGt1O/NYTKM0S+WjGKXQFGUjWZ5QYJzXCCAzpHVT9mj8tvArBHKpoXvVexSuHcUIzAdJQTrTuBH5qupYowyiHvBRmGlJCR2QAHYeSCNBdO702x6dOiXE/Ue5Jg6fq3wlLhNZjEblOQcxQL3sT8T+vk5n+VdcymWYGJJ0t6mccmwRPvo5jpoAaPnZAqGLuVkyHRBFqXEClUMIzTYQgMrZhHOc2nGxQwsZ5vmiKlOf2vmdDJbDD3OUXLKe1Cs3zWuD44aJ6fTNPsoiO0Qk6QwG6RNfoDtVRA1HE0At6RW/eu/fhfXpfs9aCN585Qgvl/fwC1Oqm4A==</latexit><latexit sha1_base64="Gqe00rCJ+/fo1cI5Kbh+v2P7Nr4=">AAACJ3icbZDLSgMxFIYz9VZrvVSXboJFcFVmRNCl6MaNUMFeoFNKJnPahiaZIckoJcwzuNVH8GnciS59E9PLwrYeCHz8/zmckz9KOdPG97+9wtr6xuZWcbu0U97d2z+oHDZ1kikKDZrwRLUjooEzCQ3DDId2qoCIiEMrGt1O/NYTKM0S+WjGKXQFGUjWZ5QYJzXCCAzpHVT9mj8tvArBHKpoXvVexSuHcUIzAdJQTrTuBH5qupYowyiHvBRmGlJCR2QAHYeSCNBdO702x6dOiXE/Ue5Jg6fq3wlLhNZjEblOQcxQL3sT8T+vk5n+VdcymWYGJJ0t6mccmwRPvo5jpoAaPnZAqGLuVkyHRBFqXEClUMIzTYQgMrZhHOc2nGxQwsZ5vmiKlOf2vmdDJbDD3OUXLKe1Cs3zWuD44aJ6fTNPsoiO0Qk6QwG6RNfoDtVRA1HE0At6RW/eu/fhfXpfs9aCN585Qgvl/fwC1Oqm4A==</latexit><latexit sha1_base64="Gqe00rCJ+/fo1cI5Kbh+v2P7Nr4=">AAACJ3icbZDLSgMxFIYz9VZrvVSXboJFcFVmRNCl6MaNUMFeoFNKJnPahiaZIckoJcwzuNVH8GnciS59E9PLwrYeCHz8/zmckz9KOdPG97+9wtr6xuZWcbu0U97d2z+oHDZ1kikKDZrwRLUjooEzCQ3DDId2qoCIiEMrGt1O/NYTKM0S+WjGKXQFGUjWZ5QYJzXCCAzpHVT9mj8tvArBHKpoXvVexSuHcUIzAdJQTrTuBH5qupYowyiHvBRmGlJCR2QAHYeSCNBdO702x6dOiXE/Ue5Jg6fq3wlLhNZjEblOQcxQL3sT8T+vk5n+VdcymWYGJJ0t6mccmwRPvo5jpoAaPnZAqGLuVkyHRBFqXEClUMIzTYQgMrZhHOc2nGxQwsZ5vmiKlOf2vmdDJbDD3OUXLKe1Cs3zWuD44aJ6fTNPsoiO0Qk6QwG6RNfoDtVRA1HE0At6RW/eu/fhfXpfs9aCN585Qgvl/fwC1Oqm4A==</latexit><latexit sha1_base64="Gqe00rCJ+/fo1cI5Kbh+v2P7Nr4=">AAACJ3icbZDLSgMxFIYz9VZrvVSXboJFcFVmRNCl6MaNUMFeoFNKJnPahiaZIckoJcwzuNVH8GnciS59E9PLwrYeCHz8/zmckz9KOdPG97+9wtr6xuZWcbu0U97d2z+oHDZ1kikKDZrwRLUjooEzCQ3DDId2qoCIiEMrGt1O/NYTKM0S+WjGKXQFGUjWZ5QYJzXCCAzpHVT9mj8tvArBHKpoXvVexSuHcUIzAdJQTrTuBH5qupYowyiHvBRmGlJCR2QAHYeSCNBdO702x6dOiXE/Ue5Jg6fq3wlLhNZjEblOQcxQL3sT8T+vk5n+VdcymWYGJJ0t6mccmwRPvo5jpoAaPnZAqGLuVkyHRBFqXEClUMIzTYQgMrZhHOc2nGxQwsZ5vmiKlOf2vmdDJbDD3OUXLKe1Cs3zWuD44aJ6fTNPsoiO0Qk6QwG6RNfoDtVRA1HE0At6RW/eu/fhfXpfs9aCN585Qgvl/fwC1Oqm4A==</latexit>



7) Vainshtein mechanism 
and galileons



Vainshtein mechanism

r2�+ F (@�, @2�, . . .) +m2�+ V (�) = 8⇡�(�)G⇢
<latexit sha1_base64="i8J63EdZMVCO2HSg3GL9952HoeI="></latexit><latexit sha1_base64="i8J63EdZMVCO2HSg3GL9952HoeI="></latexit><latexit sha1_base64="i8J63EdZMVCO2HSg3GL9952HoeI="></latexit><latexit sha1_base64="i8J63EdZMVCO2HSg3GL9952HoeI="></latexit>

focus on different kinetic terms

Problem: higher-derivatives introduce ghosts



Example (ignoring dimensions)

S =

Z
d4x(⇤�)2

<latexit sha1_base64="lJ63m9SYQhjx00+fifepKjjAZ70="></latexit><latexit sha1_base64="pLfMwc6//7R3S4gBDKJuQKkWypA="></latexit><latexit sha1_base64="pLfMwc6//7R3S4gBDKJuQKkWypA="></latexit><latexit sha1_base64="yWCkWf9JpyZ3LQqBRt3G5b1r63Y="></latexit>

S =

Z
d4x(2�⇤�� �2)

<latexit sha1_base64="KTObYt7Ed0OZSO9TeJ1NwdPXVXk="></latexit><latexit sha1_base64="Z5gPwt73ShenGqw5W1wQN2Oc55w="></latexit><latexit sha1_base64="Z5gPwt73ShenGqw5W1wQN2Oc55w="></latexit><latexit sha1_base64="o4oksLt1GADYmpL7AbUA3T4v8pc="></latexit>

�
<latexit sha1_base64="hAPP5shdbJpcLuzDY7vuLf3kyYE=">AAACJnicbZDNSgMxFIUz9a/Wqq0u3QSL4KrMiKDLohs3QgX7A52hZDJpG5pkhiSjlDCv4FYfwadxJ+LORzHTzsK2Xgh8nHMv9+aECaNKu+63U9rY3NreKe9W9qr7B4e1+lFXxanEpINjFst+iBRhVJCOppqRfiIJ4iEjvXB6m/u9JyIVjcWjniUk4Ggs6IhipHPJxxM6rDXcpjsvuA5eAQ1QVHtYd6p+FOOUE6ExQ0oNPDfRgUFSU8xIVvFTRRKEp2hMBhYF4kQFZn5sBs+sEsFRLO0TGs7VvxMGcaVmPLSdHOmJWvVy8T9vkOrRdWCoSFJNBF4sGqUM6hjmP4cRlQRrNrOAsKT2VognSCKsbT4VX5BnHHOORGT8KMqMn2+Q3ERZtmzyhGXmfmh8yaHFzObnraa1Dt2Lpmf54bLRuimSLIMTcArOgQeuQAvcgTboAAwm4AW8gjfn3flwPp2vRWvJKWaOwVI5P7/4jKZu</latexit><latexit sha1_base64="hAPP5shdbJpcLuzDY7vuLf3kyYE=">AAACJnicbZDNSgMxFIUz9a/Wqq0u3QSL4KrMiKDLohs3QgX7A52hZDJpG5pkhiSjlDCv4FYfwadxJ+LORzHTzsK2Xgh8nHMv9+aECaNKu+63U9rY3NreKe9W9qr7B4e1+lFXxanEpINjFst+iBRhVJCOppqRfiIJ4iEjvXB6m/u9JyIVjcWjniUk4Ggs6IhipHPJxxM6rDXcpjsvuA5eAQ1QVHtYd6p+FOOUE6ExQ0oNPDfRgUFSU8xIVvFTRRKEp2hMBhYF4kQFZn5sBs+sEsFRLO0TGs7VvxMGcaVmPLSdHOmJWvVy8T9vkOrRdWCoSFJNBF4sGqUM6hjmP4cRlQRrNrOAsKT2VognSCKsbT4VX5BnHHOORGT8KMqMn2+Q3ERZtmzyhGXmfmh8yaHFzObnraa1Dt2Lpmf54bLRuimSLIMTcArOgQeuQAvcgTboAAwm4AW8gjfn3flwPp2vRWvJKWaOwVI5P7/4jKZu</latexit><latexit sha1_base64="hAPP5shdbJpcLuzDY7vuLf3kyYE=">AAACJnicbZDNSgMxFIUz9a/Wqq0u3QSL4KrMiKDLohs3QgX7A52hZDJpG5pkhiSjlDCv4FYfwadxJ+LORzHTzsK2Xgh8nHMv9+aECaNKu+63U9rY3NreKe9W9qr7B4e1+lFXxanEpINjFst+iBRhVJCOppqRfiIJ4iEjvXB6m/u9JyIVjcWjniUk4Ggs6IhipHPJxxM6rDXcpjsvuA5eAQ1QVHtYd6p+FOOUE6ExQ0oNPDfRgUFSU8xIVvFTRRKEp2hMBhYF4kQFZn5sBs+sEsFRLO0TGs7VvxMGcaVmPLSdHOmJWvVy8T9vkOrRdWCoSFJNBF4sGqUM6hjmP4cRlQRrNrOAsKT2VognSCKsbT4VX5BnHHOORGT8KMqMn2+Q3ERZtmzyhGXmfmh8yaHFzObnraa1Dt2Lpmf54bLRuimSLIMTcArOgQeuQAvcgTboAAwm4AW8gjfn3flwPp2vRWvJKWaOwVI5P7/4jKZu</latexit><latexit sha1_base64="hAPP5shdbJpcLuzDY7vuLf3kyYE=">AAACJnicbZDNSgMxFIUz9a/Wqq0u3QSL4KrMiKDLohs3QgX7A52hZDJpG5pkhiSjlDCv4FYfwadxJ+LORzHTzsK2Xgh8nHMv9+aECaNKu+63U9rY3NreKe9W9qr7B4e1+lFXxanEpINjFst+iBRhVJCOppqRfiIJ4iEjvXB6m/u9JyIVjcWjniUk4Ggs6IhipHPJxxM6rDXcpjsvuA5eAQ1QVHtYd6p+FOOUE6ExQ0oNPDfRgUFSU8xIVvFTRRKEp2hMBhYF4kQFZn5sBs+sEsFRLO0TGs7VvxMGcaVmPLSdHOmJWvVy8T9vkOrRdWCoSFJNBF4sGqUM6hjmP4cRlQRrNrOAsKT2VognSCKsbT4VX5BnHHOORGT8KMqMn2+Q3ERZtmzyhGXmfmh8yaHFzObnraa1Dt2Lpmf54bLRuimSLIMTcArOgQeuQAvcgTboAAwm4AW8gjfn3flwPp2vRWvJKWaOwVI5P7/4jKZu</latexit>Introduce auxiliary field 

� = ⇤�
<latexit sha1_base64="F8591huIvyvw3pY6rmc8/c9TDsM=">AAACL3icbZDLSgMxFIYz9VbrrdWlm2ARXMmMCLoRSt24ESrYWmiGksmkNpjLmGTUEuY53Ooj+DTiRtz6FqaXhbcDBz7+/xzO4U8yzowNw7egNDe/sLhUXq6srK6tb1Rrmx2jck1omyiudDfBhnImadsyy2k30xSLhNOr5OZ07F/dUW2Ykpd2lNFY4GvJBoxg66UYkSE7QU31gLIh61fr4X44KfgXohnUwaxa/VqwilJFckGlJRwb04vCzMYOa8sIp0UF5YZmmNzga9rzKLGgJnaTrwu465UUDpT2LS2cqN83HBbGjETiJwW2Q/PbG4v/eb3cDo5jx2SWWyrJ9NAg59AqOI4ApkxTYvnIAyaa+V8hGWKNifVBVZCk90QJgWXqUJoWDo0vaOHSovhpiowX7rzvkBbQY+Hzi36n9Rc6B/uR54vDeqM5S7IMtsEO2AMROAINcAZaoA0IuAWP4Ak8By/Ba/AefExHS8FsZwv8qODzC0Tpqic=</latexit><latexit sha1_base64="F8591huIvyvw3pY6rmc8/c9TDsM=">AAACL3icbZDLSgMxFIYz9VbrrdWlm2ARXMmMCLoRSt24ESrYWmiGksmkNpjLmGTUEuY53Ooj+DTiRtz6FqaXhbcDBz7+/xzO4U8yzowNw7egNDe/sLhUXq6srK6tb1Rrmx2jck1omyiudDfBhnImadsyy2k30xSLhNOr5OZ07F/dUW2Ykpd2lNFY4GvJBoxg66UYkSE7QU31gLIh61fr4X44KfgXohnUwaxa/VqwilJFckGlJRwb04vCzMYOa8sIp0UF5YZmmNzga9rzKLGgJnaTrwu465UUDpT2LS2cqN83HBbGjETiJwW2Q/PbG4v/eb3cDo5jx2SWWyrJ9NAg59AqOI4ApkxTYvnIAyaa+V8hGWKNifVBVZCk90QJgWXqUJoWDo0vaOHSovhpiowX7rzvkBbQY+Hzi36n9Rc6B/uR54vDeqM5S7IMtsEO2AMROAINcAZaoA0IuAWP4Ak8By/Ba/AefExHS8FsZwv8qODzC0Tpqic=</latexit><latexit sha1_base64="F8591huIvyvw3pY6rmc8/c9TDsM=">AAACL3icbZDLSgMxFIYz9VbrrdWlm2ARXMmMCLoRSt24ESrYWmiGksmkNpjLmGTUEuY53Ooj+DTiRtz6FqaXhbcDBz7+/xzO4U8yzowNw7egNDe/sLhUXq6srK6tb1Rrmx2jck1omyiudDfBhnImadsyy2k30xSLhNOr5OZ07F/dUW2Ykpd2lNFY4GvJBoxg66UYkSE7QU31gLIh61fr4X44KfgXohnUwaxa/VqwilJFckGlJRwb04vCzMYOa8sIp0UF5YZmmNzga9rzKLGgJnaTrwu465UUDpT2LS2cqN83HBbGjETiJwW2Q/PbG4v/eb3cDo5jx2SWWyrJ9NAg59AqOI4ApkxTYvnIAyaa+V8hGWKNifVBVZCk90QJgWXqUJoWDo0vaOHSovhpiowX7rzvkBbQY+Hzi36n9Rc6B/uR54vDeqM5S7IMtsEO2AMROAINcAZaoA0IuAWP4Ak8By/Ba/AefExHS8FsZwv8qODzC0Tpqic=</latexit><latexit sha1_base64="F8591huIvyvw3pY6rmc8/c9TDsM=">AAACL3icbZDLSgMxFIYz9VbrrdWlm2ARXMmMCLoRSt24ESrYWmiGksmkNpjLmGTUEuY53Ooj+DTiRtz6FqaXhbcDBz7+/xzO4U8yzowNw7egNDe/sLhUXq6srK6tb1Rrmx2jck1omyiudDfBhnImadsyy2k30xSLhNOr5OZ07F/dUW2Ykpd2lNFY4GvJBoxg66UYkSE7QU31gLIh61fr4X44KfgXohnUwaxa/VqwilJFckGlJRwb04vCzMYOa8sIp0UF5YZmmNzga9rzKLGgJnaTrwu465UUDpT2LS2cqN83HBbGjETiJwW2Q/PbG4v/eb3cDo5jx2SWWyrJ9NAg59AqOI4ApkxTYvnIAyaa+V8hGWKNifVBVZCk90QJgWXqUJoWDo0vaOHSovhpiowX7rzvkBbQY+Hzi36n9Rc6B/uR54vDeqM5S7IMtsEO2AMROAINcAZaoA0IuAWP4Ak8By/Ba/AefExHS8FsZwv8qODzC0Tpqic=</latexit>

Equivalent because EOM:

� =
1p
2
(�1 � �2)

<latexit sha1_base64="PBBB/hZSi0NWTYF5fHBKyYbgqzI="></latexit><latexit sha1_base64="YtnaDtRhcwzfWvSGgv50+2RFF54="></latexit><latexit sha1_base64="YtnaDtRhcwzfWvSGgv50+2RFF54="></latexit><latexit sha1_base64="g5LQKWT4pbDIhEp+3/s3GkhUTlE="></latexit>

� =
1p
2
(�1 + �2)

<latexit sha1_base64="w2vI41lhZbHAZS3A52NmVnbLm/4="></latexit><latexit sha1_base64="IHziAKCbxdruJ6bZMLZVhr9M7jM="></latexit><latexit sha1_base64="IHziAKCbxdruJ6bZMLZVhr9M7jM="></latexit><latexit sha1_base64="8JkswkTVRF1IOhNOnvwZ1FwiUsU="></latexit>

Field redefinition:



Example (ignoring dimensions)

S =

Z
d4x

1

2
@µ�1@

µ�1 �
1

2
@µ�2@

µ�2 + · · ·
<latexit sha1_base64="bFhkhUQbWex6yrGlZJ7olnFgJ1I="></latexit><latexit sha1_base64="/9YxZ1JGbxDaDqW1TbY5HvJog9A="></latexit><latexit sha1_base64="/9YxZ1JGbxDaDqW1TbY5HvJog9A="></latexit><latexit sha1_base64="5dNmdNOcIe3XvPgjT1P400jchvQ="></latexit>

wrong-sign kinetic term 
ghost!

Integrate by parts:



Galileons to the rescue
Impose Galilean symmetry:

� ! �+ bµx
µ + c

<latexit sha1_base64="I3Sdp1vDNgUbtzW7MpW5vA3khng="></latexit><latexit sha1_base64="iF5hL0igdf3NAFGaIYgpPOKFMYM="></latexit><latexit sha1_base64="iF5hL0igdf3NAFGaIYgpPOKFMYM="></latexit><latexit sha1_base64="CDQYDBUEZ7TyN0GN5IX48maKhf4="></latexit>

Gives four unique terms:

L2 = @µ�@
µ�

<latexit sha1_base64="SLdCdfHH0p/yKLPcWRmkIf+4zKM="></latexit><latexit sha1_base64="FEdH5nkbP3tIiup/bh6Y6xCvGRk="></latexit><latexit sha1_base64="FEdH5nkbP3tIiup/bh6Y6xCvGRk="></latexit><latexit sha1_base64="PekDkmRGwP4Mov0sVBKFf6Vws48="></latexit>

L3 = @µ�@
µ�(⇤�)

<latexit sha1_base64="USMRECtaZQ41bNt1rhInv1jg2l8="></latexit><latexit sha1_base64="Q76rJtzgOFizjwFf7L2U46jm0Xw="></latexit><latexit sha1_base64="Q76rJtzgOFizjwFf7L2U46jm0Xw="></latexit><latexit sha1_base64="BQAizmV64BX9lk8KPOZ9vwZGVEU="></latexit>

L4 = @µ�@
µ�[(⇤�)2 �rµr⌫�rµr⌫�]

<latexit sha1_base64="7w3bwJpNJJoBl14ZhbrGS2It8+g="></latexit><latexit sha1_base64="Q0tFWG9/U4nI62FRn8KNnQZxY6I="></latexit><latexit sha1_base64="Q0tFWG9/U4nI62FRn8KNnQZxY6I="></latexit><latexit sha1_base64="/4boY6kHR4CQOo7g4EfWNbze8DE="></latexit>

L5 = · · ·
<latexit sha1_base64="Xh6ODCEt0bWczt6z4ZE3+TWKAWo="></latexit><latexit sha1_base64="yCuN25vcpeO45g5WiQnmevc7tD0="></latexit><latexit sha1_base64="yCuN25vcpeO45g5WiQnmevc7tD0="></latexit><latexit sha1_base64="dbtxuwr3KbznAWheYv/Oh5iCwkU="></latexit>

quadratic
cubic

quartic

quintic



Gives second-order equations of 
motion

e.g. cubic:

S = M2
pl

Z
d4x


�1

2
@µ�@

µ�+ @µ�@
µ�

⇤�

⇤2
+ ��T

�

<latexit sha1_base64="79JAk8v8z9yVaw/qPVeOL/s6yHA="></latexit><latexit sha1_base64="7x34XNmme746vI7QkywlLLhgcyM="></latexit><latexit sha1_base64="7x34XNmme746vI7QkywlLLhgcyM="></latexit><latexit sha1_base64="6SXIXBZ4giMiWvf3G5UEj09A77U="></latexit>

⇤�+
1

⇤2

⇥
(⇤�)2 �rµ�rµ�

⇤
= �8⇡↵GT

<latexit sha1_base64="RyIIelmcdolZVq77NRQOQpJoGvg="></latexit><latexit sha1_base64="JaoJ8CZna581KroRxYu9jnBpNB0="></latexit><latexit sha1_base64="JaoJ8CZna581KroRxYu9jnBpNB0="></latexit><latexit sha1_base64="exvQ3y7dR2A7X62jAocoKedaWAU="></latexit>



Vainshtein mechanism
Take non-relativistic limit + spherical symmetry: 

1

r2
d

dr


r2�0 +

r�02

⇤2

�
= 8⇡�G⇢

<latexit sha1_base64="ZP8ozPddt5XiZAiw/AV/bMjHmS4="></latexit><latexit sha1_base64="sL9KenmUA6amW4xN5BiWWxVEufY="></latexit><latexit sha1_base64="sL9KenmUA6amW4xN5BiWWxVEufY="></latexit><latexit sha1_base64="LXX51b6laenYrV5BCKTVanzrQdo="></latexit>

Poisson galileon

Integrate once:

r2�0 +
r�02

⇤2
= 2�

GM

r2
<latexit sha1_base64="c4fbwjZQgxmswYUZV12VtISNZpI="></latexit><latexit sha1_base64="C1GV/xPWo3670s1gaEmgJe98BWU="></latexit><latexit sha1_base64="C1GV/xPWo3670s1gaEmgJe98BWU="></latexit><latexit sha1_base64="15v+YVeCGEDLVeKYvUC0NMAuVCk="></latexit>



Vainshtein mechanism
r2�0 +

r�02

⇤2
= 2�

GM

r2
<latexit sha1_base64="c4fbwjZQgxmswYUZV12VtISNZpI="></latexit><latexit sha1_base64="C1GV/xPWo3670s1gaEmgJe98BWU="></latexit><latexit sha1_base64="C1GV/xPWo3670s1gaEmgJe98BWU="></latexit><latexit sha1_base64="15v+YVeCGEDLVeKYvUC0NMAuVCk="></latexit>

F5 = ��0; FN =
GM

r2
<latexit sha1_base64="BFVwyzuWOP4Ztdmj9xHCQTBEXMk="></latexit><latexit sha1_base64="pr9sVwi4jQ5zS9qeL91bb0FOuWs="></latexit><latexit sha1_base64="pr9sVwi4jQ5zS9qeL91bb0FOuWs="></latexit><latexit sha1_base64="Jae7IP/bZff+QIg/xlZLC4Ym2Oo="></latexit>

Use

F5

FN
+

⇣rV
r

⌘3
✓

F5

FN

◆2

= 2�2

<latexit sha1_base64="hOczKjPbo8LhFa1QvhaQNkLURAo="></latexit><latexit sha1_base64="BqHnzUiCtQ9iBNclrH3R+B/tLAk="></latexit><latexit sha1_base64="BqHnzUiCtQ9iBNclrH3R+B/tLAk="></latexit><latexit sha1_base64="k3kf1sLWpE3UdPDp3LsgkGLwZU8="></latexit>

r3V =
GM

⇤2
<latexit sha1_base64="jtQbiJWZwb5qlSTaEG7etJPEDBk="></latexit><latexit sha1_base64="QpBOGgyXDuR0wCvDql8NvJgWk1w="></latexit><latexit sha1_base64="QpBOGgyXDuR0wCvDql8NvJgWk1w="></latexit><latexit sha1_base64="uF1XaoUtdL8PoFCZnTaGTFLaihU="></latexit>

Vainshtein radius



Vainshtein mechanism
F5

FN
+

⇣rV
r

⌘3
✓

F5

FN

◆2

= 2�2

<latexit sha1_base64="hOczKjPbo8LhFa1QvhaQNkLURAo="></latexit><latexit sha1_base64="BqHnzUiCtQ9iBNclrH3R+B/tLAk="></latexit><latexit sha1_base64="BqHnzUiCtQ9iBNclrH3R+B/tLAk="></latexit><latexit sha1_base64="k3kf1sLWpE3UdPDp3LsgkGLwZU8="></latexit>

r ⌧ rV
<latexit sha1_base64="f3evwiQmks9reeOeYlql2o02pPY=">AAACKnicbZDPSgMxEMZn/W+tWhW8eAkWwZPsetFj0YsXoYKthW6p2WzWhibZJckqJexLeNVH8Gm8FcGTD2K29WCrA4Ef3zfDTL4o40wb3x97C4tLyyura+uVjerm1nZtZ7et01wR2iIpT1UnwppyJmnLMMNpJ1MUi4jTu2h4Wfp3j1RplspbM8poT+AHyRJGsHFSR4WcI9Vv92t1/8SfFPoLwQ/UG/s3n/cA0OzveNUwTkkuqDSEY627gZ+ZnsXKMMJpUQlzTTNMhviBdh1KLKju2cnBBTpySoySVLknDZqovycsFlqPROQ6BTYDPe+V4n9eNzfJec8ymeWGSjJdlOQcmRSVv0cxU5QYPnKAiWLuVkQGWGFiXEaVUNInkgqBZWzDOC5sWG5QwsZFMWuKjBf2um9DJZDDwuUXzKf1F9qnJ4HjGxfkBUxrDQ7gEI4hgDNowBU0oQUEODzDC7x6b967N/Y+pq0L3s/MHsyU9/UN9F2p1A==</latexit><latexit sha1_base64="u1Ek6F2DRqWKiLJ9vPi+FwboNcU="></latexit><latexit sha1_base64="u1Ek6F2DRqWKiLJ9vPi+FwboNcU="></latexit><latexit sha1_base64="q7kYW3BUZctkCqIkF47oOg4RFmc=">AAACKnicbZDNSgMxFIUz/tZatdWlm2ARXJUZN7osunEjVLA/0BmGTCZtQ5PMkGSUEuYl3Ooj+DTuilsfxEw7C9t6IfBxzr3cmxOljCrtunNna3tnd2+/clA9rB0dn9Qbpz2VZBKTLk5YIgcRUoRRQbqaakYGqSSIR4z0o+l94fdfiFQ0Ec96lpKAo7GgI4qRttJA+oxBGfbCetNtuYuCm+CV0ARldcKGU/PjBGecCI0ZUmrouakODJKaYkbyqp8pkiI8RWMytCgQJyowi4NzeGmVGI4SaZ/QcKH+nTCIKzXjke3kSE/UuleI/3nDTI9uA0NFmmki8HLRKGNQJ7D4PYypJFizmQWEJbW3QjxBEmFtM6r6grzihHMkYuPHcW78YoPkJs7zVZOnLDePofElhxZzm5+3ntYm9K5bnuUnt9m+K5OsgHNwAa6AB25AGzyADugCDBh4A+/gw/l0vpy5871s3XLKmTOwUs7PL/Xvp+8=</latexit>

F5

FN
= 2�2

✓
r

rV

◆ 3
2

<latexit sha1_base64="W9OuRywm7RTCy5uvcPhzfXvmxt0="></latexit><latexit sha1_base64="clpL4NGpdZbXlld7FDTWmDtZXYc="></latexit><latexit sha1_base64="clpL4NGpdZbXlld7FDTWmDtZXYc="></latexit><latexit sha1_base64="WJl8hBcQ1qn6C+OYiL8wOMPQHCY="></latexit>

dynamical suppressionF5

FN
= 2�2

<latexit sha1_base64="f2C/H9hUTLdEzTwhpClgonqfYnQ="></latexit><latexit sha1_base64="Q9MPLQwoCRegVVquuMODYgt8b+w="></latexit><latexit sha1_base64="Q9MPLQwoCRegVVquuMODYgt8b+w="></latexit><latexit sha1_base64="hGz0vMBn48A+EPrVXitvQvWJ4Yo="></latexit>

r � rV
<latexit sha1_base64="NgkvsDmNxQpTDrQoICAVamuZpvA=">AAACKnicbZDNSgMxFIXv+Ftr/Qc3boIiuCozbnRZdONGaMHWQqeMmUymBpPMkGSUEuYl3Ooj+DTuiuDKBzFtXWjrhcDHOfdyb06cc6aN74+8hcWl5ZXVylp1vbaxubW9s9vRWaEIbZOMZ6obY005k7RtmOG0myuKRczpbfxwOfZvH6nSLJM3ZpjTvsADyVJGsHFSV4WDAVJRJ9o+8uv+pNA8BD9w1Nhvfd4BQDPa8WphkpFCUGkIx1r3Aj83fYuVYYTTshoWmuaYPOAB7TmUWFDdt5ODS3TslASlmXJPGjRRf09YLLQeith1Cmzu9aw3Fv/zeoVJz/uWybwwVJLporTgyGRo/HuUMEWJ4UMHmCjmbkXkHitMjMuoGkr6RDIhsExsmCSlDccblLBJWf41Rc5Lex3ZUAnksHT5BbNpzUPntB44brkgL2BaFTiAQziBAM6gAVfQhDYQ4PAML/DqvXnv3sj7mLYueD8ze/CnvK9v4rqpyg==</latexit><latexit sha1_base64="JIBaZrJCMgUGqRzczeAVrWpWYkQ="></latexit><latexit sha1_base64="JIBaZrJCMgUGqRzczeAVrWpWYkQ="></latexit><latexit sha1_base64="npp7QESHuOFIdVCRXV3YMwHn+48=">AAACKnicbZDNSgMxFIUz/tZatdWlm2ARXJUZN7osunEjVLA/0BmGTCZtQ5PMkGSUEuYl3Ooj+DTuilsfxEw7C9t6IfBxzr3cmxOljCrtunNna3tnd2+/clA9rB0dn9Qbpz2VZBKTLk5YIgcRUoRRQbqaakYGqSSIR4z0o+l94fdfiFQ0Ec96lpKAo7GgI4qRttJA+uMxlGEvrDfdlrsouAleCU1QVidsODU/TnDGidCYIaWGnpvqwCCpKWYkr/qZIinCUzQmQ4sCcaICszg4h5dWieEokfYJDRfq3wmDuFIzHtlOjvRErXuF+J83zPToNjBUpJkmAi8XjTIGdQKL38OYSoI1m1lAWFJ7K8QTJBHWNqOqL8grTjhHIjZ+HOfGLzZIbuI8XzV5ynLzGBpfcmgxt/l562ltQu+65Vl+cpvtuzLJCjgHF+AKeOAGtMED6IAuwICBN/AOPpxP58uZO9/L1i2nnDkDK+X8/ALkTKfl</latexit>

order-unity 
(good for cosmology)



Vainshtein mechanism
GR:

theory is non-linear

lP
<latexit sha1_base64="+c904UabIfD/AiE5ArEMqKPMWh0=">AAACJXicbZDLSgMxFIbPeK21Xqrgxk2wCK5kxo0uRTduhBbtBTqlZjJpDSaZIckoJcwjuNVH8GncieBGX8VM24VaDwQ+/v8czskfpZxp4/sf3tz8wuLScmmlvFpZW9/YrG61dJIpQpsk4YnqRFhTziRtGmY47aSKYhFx2o7uzgu/fU+VZom8NqOU9gQeSjZgBBsnXfF+vb9Z8w/9caFZCKZQO91pfN4AQL1f9SphnJBMUGkIx1p3Az81PYuVYYTTvBxmmqaY3OEh7TqUWFDds+Nbc7TvlBgNEuWeNGis/pywWGg9EpHrFNjc6r9eIf7ndTMzOOlZJtPMUEkmiwYZRyZBxcdRzBQlho8cYKKYuxWRW6wwMS6ecijpA0mEwDK2YRznNiw2KGHjPP9tipTn9rJvQyWQw9zlF/xNaxZaR4eB44YL8gwmVYJd2IMDCOAYTuEC6tAEAkN4hCd49l68V+/Ne5+0znnTmW34Vd7XNwNBp9A=</latexit><latexit sha1_base64="W1c1oByIhv0PDimTRDH+uE3qlNc="></latexit><latexit sha1_base64="W1c1oByIhv0PDimTRDH+uE3qlNc="></latexit><latexit sha1_base64="bVVIqMZlKBnhBzkii+stS3PyVPI=">AAACJXicbZDNSgMxFIUz9a/Wqq0u3QSL4KrMuNFl0Y0boaL9gc5QMpm0DU0yQ5JRSphHcKuP4NO4E8GVr2KmnYVtvRD4OOde7s0JE0aVdt1vp7SxubW9U96t7FX3Dw5r9aOuilOJSQfHLJb9ECnCqCAdTTUj/UQSxENGeuH0Jvd7T0QqGotHPUtIwNFY0BHFSFvpgQ3bw1rDbbrzguvgFdAARbWHdafqRzFOOREaM6TUwHMTHRgkNcWMZBU/VSRBeIrGZGBRIE5UYOa3ZvDMKhEcxdI+oeFc/TthEFdqxkPbyZGeqFUvF//zBqkeXQWGiiTVRODFolHKoI5h/nEYUUmwZjMLCEtqb4V4giTC2sZT8QV5xjHnSETGj6LM+PkGyU2UZcsmT1hm7obGlxxazGx+3mpa69C9aHqW791G67pIsgxOwCk4Bx64BC1wC9qgAzAYgxfwCt6cd+fD+XS+Fq0lp5g5Bkvl/PwCBNOl6w==</latexit>

quantum

theory is linearrSch
<latexit sha1_base64="UysBpcmqeNgYUhFB0AwiexHt0Do=">AAACLXicbZDPSgMxEMZn6/9atSp48RIUwVPZ9aLHohcvgqJVoVtqNpu2ofmzJFmlhH0Mr/oIPo0HQbz6GmZbD1YdGPjxfTPM8CUZZ8aG4VtQmZmdm19YXKou11ZW1+rrG9dG5ZrQFlFc6dsEG8qZpC3LLKe3maZYJJzeJMOT0r+5p9owJa/sKKMdgfuS9RjB1ktt3XWxFuiSDIpufTdshONCfyH6ht3m1sXHHQCcd9eDWpwqkgsqLeHYmHYUZrbjsLaMcFpU49zQDJMh7tO2R4kFNR03/rlAe15JUU9p39Kisfpzw2FhzEgkflJgOzC/vVL8z2vntnfUcUxmuaWSTA71co6sQmUAKGWaEstHHjDRzP+KyABrTKyPqRpL+kCUEFimLk7TwsXlBS1cWhTTpsh44c4m+Xks84t+p/UXrg8akecLH+QxTGoRtmEH9iGCQ2jCKZxDCwgoeIQneA5egtfgPfiYjFaC751NmKrg8wvCaKtH</latexit><latexit sha1_base64="ukyFAIU7aXAUG2wh/E1EzQy+5L8="></latexit><latexit sha1_base64="ukyFAIU7aXAUG2wh/E1EzQy+5L8="></latexit><latexit sha1_base64="LqYfELtsuRiQttuudJaPlE64giE=">AAACLXicbZDLSgMxFIYz9VZr1VaXboJFcFVm3Oiy6MaNUNFeoFNKJpO2obkMSUYpYR7DrT6CT+NCELe+hpm2C9t64MDH/5/DOfxRwqg2vv/pFTY2t7Z3irulvfL+wWGletTWMlWYtLBkUnUjpAmjgrQMNYx0E0UQjxjpRJOb3O88EaWpFI9mmpA+RyNBhxQj46SeGthQcfiAx9mgUvPr/qzgOgQLqIFFNQdVrxzGEqecCIMZ0roX+InpW6QMxYxkpTDVJEF4gkak51AgTnTfzn7O4JlTYjiUyrUwcKb+3bCIaz3lkZvkyIz1qpeL/3m91Ayv+paKJDVE4PmhYcqgkTAPAMZUEWzY1AHCirpfIR4jhbBxMZVCQZ6x5ByJ2IZxnNkwv6C4jbNs2eQJy+zdPD+HeX7Balrr0L6oB47v/VrjepFkEZyAU3AOAnAJGuAWNEELYCDBC3gFb9679+F9ed/z0YK32DkGS+X9/ALD+qli</latexit>



Vainshtein mechanism

rV
<latexit sha1_base64="Ckfc7ebm9l9mDk3n3UdtR7EjPBE=">AAACJXicbZDLSgMxFIbPeK21Xqrgxk1QBFcy40aXohs3Qov2Ap1SM5m0BpPMkGSUEuYR3Ooj+DTuRHCjr2Km7cJWDwQ+/v8czskfpZxp4/uf3tz8wuLScmmlvFpZW9/YrG41dZIpQhsk4YlqR1hTziRtGGY4baeKYhFx2oruLwq/9UCVZom8McOUdgUeSNZnBBsnXates7e57x/5o0J/IZjA/tlO/esWAGq9qlcJ44RkgkpDONa6E/ip6VqsDCOc5uUw0zTF5B4PaMehxILqrh3dmqMDp8Sonyj3pEEj9feExULroYhcp8DmTs96hfif18lM/7RrmUwzQyUZL+pnHJkEFR9HMVOUGD50gIli7lZE7rDCxLh4yqGkjyQRAsvYhnGc27DYoISN83zaFCnP7VXPhkogh7nLL5hN6y80j48Cx3UX5DmMqwS7sAeHEMAJnMEl1KABBAbwBM/w4r16b9679zFunfMmM9swVd73DxhBp9w=</latexit><latexit sha1_base64="Oo5vd9HH6qagDUoXnICOCYzEtLU="></latexit><latexit sha1_base64="Oo5vd9HH6qagDUoXnICOCYzEtLU="></latexit><latexit sha1_base64="Ld2zY8oBBxXFuxkjjjvSchcQ9zg=">AAACJXicbZDNSgMxFIUz9a/Wqq0u3QSL4KrMuNFl0Y0boaL9gc5QMpm0DU0yQ5JRSphHcKuP4NO4E8GVr2KmnYVtvRD4OOde7s0JE0aVdt1vp7SxubW9U96t7FX3Dw5r9aOuilOJSQfHLJb9ECnCqCAdTTUj/UQSxENGeuH0Jvd7T0QqGotHPUtIwNFY0BHFSFvpQQ67w1rDbbrzguvgFdAARbWHdafqRzFOOREaM6TUwHMTHRgkNcWMZBU/VSRBeIrGZGBRIE5UYOa3ZvDMKhEcxdI+oeFc/TthEFdqxkPbyZGeqFUvF//zBqkeXQWGiiTVRODFolHKoI5h/nEYUUmwZjMLCEtqb4V4giTC2sZT8QV5xjHnSETGj6LM+PkGyU2UZcsmT1hm7obGlxxazGx+3mpa69C9aHqW791G67pIsgxOwCk4Bx64BC1wC9qgAzAYgxfwCt6cd+fD+XS+Fq0lp5g5Bkvl/PwCGdOl9w==</latexit>

theory is linear

theory is non-linear

screening

⇤�1
3

<latexit sha1_base64="epcTLM6HWWwUf22DCC6na1e0JgA="></latexit><latexit sha1_base64="gZfXeeaQFFkMvp3Z2jDEYs6u6V0="></latexit><latexit sha1_base64="gZfXeeaQFFkMvp3Z2jDEYs6u6V0="></latexit><latexit sha1_base64="m2Spu9qtIEbq8l0F7RFa+fF5zXI="></latexit>

quantum

Vainshtein:

⇤3
3 = Mpl⇤

2
<latexit sha1_base64="JWvyn/u/AzUHUJjFuZgfPx+9/gQ="></latexit><latexit sha1_base64="skEbTPgjdhpQn62+B0nZsjtcoBc="></latexit><latexit sha1_base64="skEbTPgjdhpQn62+B0nZsjtcoBc="></latexit><latexit sha1_base64="R2zo1mzkEMH9PplOSID2BPSCvVU="></latexit>



Weak equivalence principle

WEP is satisfied: M ~̈r = �Mr�ext
N �QMr�ext

<latexit sha1_base64="3efvckD2zsd8BAtqqA8uHRrDBTs="></latexit><latexit sha1_base64="3efvckD2zsd8BAtqqA8uHRrDBTs="></latexit><latexit sha1_base64="3efvckD2zsd8BAtqqA8uHRrDBTs="></latexit><latexit sha1_base64="3efvckD2zsd8BAtqqA8uHRrDBTs="></latexit>

Q = 1
<latexit sha1_base64="dpGAEhMlYumMWeAlvREiMvQDJK8=">AAACJXicbZDNSgMxFIXv+Fvrvy51ERTBlcy40Y1QdONGaNFWoVNKJpO2oUlmSDJKCfMIbvURfAVfwp0IrvRRzLRdWOuFwMc593JvTpRypo3vf3ozs3PzC4ulpfLyyura+sbmVkMnmSK0ThKeqLsIa8qZpHXDDKd3qaJYRJzeRv2Lwr+9p0qzRN6YQUpbAncl6zCCjZOua2dBe2PfP/KHhaYhGMN+Zfe19g0A1famtxLGCckElYZwrHUz8FPTslgZRjjNy2GmaYpJH3dp06HEguqWHd6aowOnxKiTKPekQUP194TFQuuBiFynwKan/3qF+J/XzEzntGWZTDNDJRkt6mQcmQQVH0cxU5QYPnCAiWLuVkR6WGFiXDzlUNIHkgiBZWzDOM5tWGxQwsZ5PmmKlOf2qm1DJZDD3OUX/E1rGhrHR4HjmgvyHEZVgh3Yg0MI4AQqcAlVqAOBLjzCEzx7L96b9+59jFpnvPHMNkyU9/UD+amn1A==</latexit><latexit sha1_base64="AOTkT5Jdw8c3vzb5Qwt4HFvkbpc="></latexit><latexit sha1_base64="AOTkT5Jdw8c3vzb5Qwt4HFvkbpc="></latexit><latexit sha1_base64="sCBKiNmWgShO5aRn1NyFL1MHj84=">AAACJXicbZDLSgMxFIYz9VZr1VaXboJFcFVm3OhGKLpxI7RoL9AZSiaTaUOTzJBklBLmEdzqI/g07kRw5auYXha29UDg4//P4Zz8Ycqo0q777RQ2Nre2d4q7pb3y/sFhpXrUUUkmMWnjhCWyFyJFGBWkralmpJdKgnjISDcc30797hORiibiUU9SEnA0FDSmGGkrPbSuvUGl5tbdWcF18BZQA4tqDqpO2Y8SnHEiNGZIqb7npjowSGqKGclLfqZIivAYDUnfokCcqMDMbs3hmVUiGCfSPqHhTP07YRBXasJD28mRHqlVbyr+5/UzHV8Fhoo000Tg+aI4Y1AncPpxGFFJsGYTCwhLam+FeIQkwtrGU/IFecYJ50hExo+i3PjTDZKbKM+XTZ6y3NwPjC85tJjb/LzVtNahc1H3LLfcWuNmkWQRnIBTcA48cAka4A40QRtgMAQv4BW8Oe/Oh/PpfM1bC85i5hgslfPzC2PIpY8=</latexit>

Harder to find novel probes!



Outstanding problems
• Highly non-linear (hard to compute) 

• Only have solutions for symmetric cases 

• 2+ body problem difficult, need numerics 

• Need to extend PPN (Ryan McManus) 

• Perturbation theory often fails 

• Equations not quasi-linear — well-posedness? 

• Lab and solar system tests hard to model



8) Horndeski and 
beyond



Motivations
1) Galileons defined on Minkowski space

e.g. quartic L4 = @µ�@
µ�[(⇤�)2 �rµr⌫�rµr⌫�]

<latexit sha1_base64="7w3bwJpNJJoBl14ZhbrGS2It8+g="></latexit><latexit sha1_base64="Q0tFWG9/U4nI62FRn8KNnQZxY6I="></latexit><latexit sha1_base64="Q0tFWG9/U4nI62FRn8KNnQZxY6I="></latexit><latexit sha1_base64="/4boY6kHR4CQOo7g4EfWNbze8DE="></latexit>

Can commute on Minkowski but [rµ,r⌫ ]v
↵ = R↵

µ⌫�v
�

<latexit sha1_base64="ydr5dF1Botw4Jm9qDAEy87t3jFE="></latexit><latexit sha1_base64="vwOdxgMyJBtArI8c1W5oIh79KB8="></latexit><latexit sha1_base64="vwOdxgMyJBtArI8c1W5oIh79KB8="></latexit><latexit sha1_base64="0yPs0C9vq5JWfJMgQS+MFRSJlqU="></latexit>

Get terms like: rµR
µ
⌫↵�r

µ�r↵r��
<latexit sha1_base64="qZgQoqtdI2lKSHh6J3zW/FngdO8="></latexit><latexit sha1_base64="t1p8Z3HaNqvwJeOAvRrQCv8lbYE="></latexit><latexit sha1_base64="t1p8Z3HaNqvwJeOAvRrQCv8lbYE="></latexit><latexit sha1_base64="bxlLyjZF5knx0LJWsugmxoN8SaQ="></latexit>

third-derivative of the metric = ghost!



Motivations
2) Cosmology - want a framework to model build

Requirements:
• Lorentz-invariant 

• Second order EOM (no ghosts) 

• Stable (no tachyons, gradient instabilities) 

• Free functions 

• Screening mechanisms (pass SS tests) 

• Falsifiable



Horndeski Action
Want most general action with second-order EOM

quintessence 
K-essence cubic

quartic quintic

Lp
�g

= K(�, X) +G3(�, X)⇤�+G4(�, X)R

+G4, X

⇥
(⇤�)2 � (rµr⌫�)

2
⇤
+G5(�, X)Gµ⌫rµr⌫�

�1

6
G5, X

⇥
(⇤�)3 � 3rµr⌫�rµr⌫⇤�+ 2r⌫rµ�+r↵r⌫�rµr↵�

⇤

quartic counter term

quintic counter term



Features of the Horndeski action

Lp
�g

= K(�, X) +G3(�, X)⇤�+G4(�, X)R

+G4, X

⇥
(⇤�)2 � (rµr⌫�)

2
⇤
+G5(�, X)Gµ⌫rµr⌫�

�1

6
G5, X

⇥
(⇤�)3 � 3rµr⌫�rµr⌫⇤�+ 2r⌫rµ�+r↵r⌫�rµr↵�

⇤

Cosmology: � = �(t)
<latexit sha1_base64="fLwuktGmHyvHJS9RBr2ycWgtUpA=">AAACLnicbZDLSgMxFIbPeLfeqi7dhBZBEWTGjW6Eohs3goJVoSklk0ltMMmEJKOUMK/hVh/BpxFciFsfw0zrwtuBhI//P4dz+FMtuHVx/BpNTE5Nz8zOzdcWFpeWV+qra5c2LwxlbZqL3FynxDLBFWs77gS71oYRmQp2ld4eV/7VHTOW5+rCDTXrSnKjeJ9T4oKEsR7ww+rbctu9ejPejUeF/kLyBc1WA+88AcBZbzVaxFlOC8mUo4JY20li7bqeGMepYGUNF5ZpQm/JDesEVEQy2/Wjo0u0GZQM9XMTnnJopH6f8ERaO5Rp6JTEDexvrxL/8zqF6x90PVe6cEzR8aJ+IZDLUZUAyrhh1IlhAEIND7ciOiCGUBdyqmHF7mkuJVGZx1lWelxtMNJnZfnTlFqU/rTnsZEoYBnyS36n9Rcu93aTwOchyCMY1xxsQAO2IIF9aMEJnEEbKGh4gEd4ip6jl+gteh+3TkRfM+vwo6KPT08fqu8=</latexit><latexit sha1_base64="Lvr8Q7/iReGY0xMoqyQySNm1Pnk="></latexit><latexit sha1_base64="Lvr8Q7/iReGY0xMoqyQySNm1Pnk="></latexit><latexit sha1_base64="piAE8k3xvC1DQ57tlNbja8tuDK0=">AAACLnicbZDLSgMxFIYz9Vbrtbp0EyyCbsqMG90Iohs3QgV7gU4pmUzahiaZkGSUEuY13Ooj+DSCC3HrY5hpZ2FbDyR8/P85nMMfSUa18f1Pr7Syura+Ud6sbG3v7O7tVw9aOkkVJk2csER1IqQJo4I0DTWMdKQiiEeMtKPxbe63n4jSNBGPZiJJj6OhoAOKkXFSGMoRvcq/U3PW36/5dX9acBmCAmqgqEa/6m2HcYJTToTBDGndDXxpehYpQzEjWSVMNZEIj9GQdB0KxInu2enRGTxxSgwHiXJPGDhV/05YxLWe8Mh1cmRGetHLxf+8bmoGlz1LhUwNEXi2aJAyaBKYJwBjqgg2bOIAYUXdrRCPkELYuJwqoSDPOOEcidiGcZzZMN+guI2zbN7kkmX2vm9DxaHDzOUXLKa1DK3zeuD4wa9d3xRJlsEROAanIAAX4BrcgQZoAgwkeAGv4M179z68L+971lryiplDMFfezy/h/qlm</latexit>

time-varying G

Speed of GWs ≠ c Vainshtein screening



Beyond Horndeski

2nd order EOMs
beyond Horndeski 

{gµ⌫ ,� } = 3 DOF
<latexit sha1_base64="KBvKg0jLEPlj9Bqz4yVzRMUhp8I="></latexit><latexit sha1_base64="LC4NMGWfuPWX6CSyezjmQ92rH9I="></latexit><latexit sha1_base64="LC4NMGWfuPWX6CSyezjmQ92rH9I="></latexit><latexit sha1_base64="CAuo7Kzx0JYGUc28KWlRQaaakxY="></latexit>

Motivation: want healthy Lorentz-invariant theory

Horndeski

3 DOF
naively higher-order 

extra Hamiltonian constraints 
3 DOF



Example: quartic galileon

L = X
⇥
(@µ@⌫�)

2 � (@µ@⌫�)
2
⇤

<latexit sha1_base64="8TMpuxEgLZ3Hs9CiXM/Xf7kNXfU="></latexit><latexit sha1_base64="QRQoRX+anr7Ww6WqljcHFSh8pXc="></latexit><latexit sha1_base64="QRQoRX+anr7Ww6WqljcHFSh8pXc="></latexit><latexit sha1_base64="04u1IqhOlAgh+uZaa6fs52YQ46U="></latexit>

Horndeski

L =
1

2
X2R+X

⇥
(rµr⌫�)

2 � (rµr⌫�)
2
⇤

<latexit sha1_base64="r6trpQGjAr7L38wf+MyoQVdUajs="></latexit><latexit sha1_base64="bO9rECgXEEditEwvV5yN8u3+zQ8="></latexit><latexit sha1_base64="bO9rECgXEEditEwvV5yN8u3+zQ8="></latexit><latexit sha1_base64="KF1CTGIBAuOxTPD4owxLplNtQoo="></latexit>

counter term 
kills higher-order

beyond Horndeski

Lp
�g

=
⇥
(⇤�)2 � (rµr⌫�)

2
⇤
+ 4rµ�r⌫� [rµr⌫�⇤��rµr��r�r⌫�]

<latexit sha1_base64="96385o20vzULW2Oyml1GH+IA9qg="></latexit><latexit sha1_base64="KPDJTwLs/mMFIAo6L//FzIa5tg0="></latexit><latexit sha1_base64="KPDJTwLs/mMFIAo6L//FzIa5tg0="></latexit><latexit sha1_base64="P000qyXi4OP5Jk4BSR2UzAQopJQ="></latexit>

(total derivative in flat space)



beyond beyond Horndeski
DHOST   

Degenerate Higher-Order Scalar Tensor Theories 
(also called EST, Extended Scalar-Tensor)

Lagrangian is degenerate = different DOF counting

• Vector-tensor 
• Scalar-Vector-Tensor (STeVe) 
• ……..



Cosmological parameterizations

Too many theories, not enough data!

Can parameterize cosmology on linear scales:

↵Hbeyond Horndeski:

↵V �1 �2 �3DHOST:

Horndeski: ↵M ↵B↵K

speed of tensors

↵T = c2T � c2

(@�)n (@�)2⇤�Ġ/HG

free functions of time

Bellini & Sawicki ‘14



Black holes
No hair theorem!
(Hui & Nicolas ‘14)

Assumptions:

• Asymptotic flatness 

• Shift-symmetry

Loop-hole:
(Sotiriou & Zhao ’14)

Subsector equivalent to f(�)G
<latexit sha1_base64="xS69+0tPUV6nLhFMrthwboIcJ90="></latexit><latexit sha1_base64="ukFAmDoGbuhfYFR5FoSqRUbHHJ4="></latexit><latexit sha1_base64="ukFAmDoGbuhfYFR5FoSqRUbHHJ4="></latexit><latexit sha1_base64="ruFIRN+DKsk41rJYWfY/K2UXrQI="></latexit>

Gauss-Bonnet



Break assumptions
Lots of examples:

• Asymptotic (A)dS  

• “Stealth solutions” (Schwarzhild + non-trivial scalar) 

•   

• Kerr or spinning? 

• Fab four (solves CC problem but too well!)

(is this physical?)�(t, r) = qt+  (r)
<latexit sha1_base64="x4e5Htsun4pWyNPmlRCQBA2DF6w="></latexit><latexit sha1_base64="q/VNIQG5oTTMXz9TY3Deojw/t+A="></latexit><latexit sha1_base64="q/VNIQG5oTTMXz9TY3Deojw/t+A="></latexit><latexit sha1_base64="BQLqARHyN75DcjEVa4Gc0OCkptQ="></latexit>



9)Vainshtein breaking



Vainshtein breaking

• IF dark energy is beyond Horndeski or DHSOT 

• Then Vainshtein mechanism is broken 

• Works outside objects 

• Doesn’t work inside objects 

• Can test cosmology on small scales!

unscreened

rV
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screened unscreened

(I will stick to BH)



Vainshtein breaking
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ds2 = (�1 + 2�)dt2 + (1 + 2 ) �ij
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This can be used to test cosmology
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stellar structure, 
rotation curves

Lensing
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} Can directly 
probe cosmology



Neutron star tests
Vainshtein breaking also works in neutron stars

• Vainshtein breaking depends on cosmology 

• Need to calculate this to have relativistic system 

• Calculation is Model and background-dependent! 

• Will use de Sitter background for simplicity



Step 1: write down a model

canonical scalar+EH+CC

beyond Honrdeski quartic galilen

S =

Z
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(simplest model we found!)



Step 2: find dS solution
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2

<latexit sha1_base64="VZXbLVwetq7xUZk+r7c7TUPCFgQ="></latexit><latexit sha1_base64="KALgHQu6JL9GphyZHdiNbp7yWDM="></latexit><latexit sha1_base64="KALgHQu6JL9GphyZHdiNbp7yWDM="></latexit><latexit sha1_base64="bTLEnYMrJ13cv7AVfT6TW+nJY+U="></latexit>

⌫(r) = ��(r) = ln
�
1�H

2
r
2
�

<latexit sha1_base64="mpnFCcMajZ4OziK6HAmYszE0A3I="></latexit><latexit sha1_base64="q40EgaHfcBgZ3nSApli4CUiIFDg="></latexit><latexit sha1_base64="q40EgaHfcBgZ3nSApli4CUiIFDg="></latexit><latexit sha1_base64="O+OAhztedJFCeANYQJ1fv1Mdw0I="></latexit>

k2 = �2
M

2
plH

2

v
2
0

 
1� ⇤

3H2M2
pl

!

<latexit sha1_base64="zWQsPcWJzcToopQ4l2ekNR6ggTc="></latexit><latexit sha1_base64="FiXPrwzGbNpptpl75sMyCdqg5A0="></latexit><latexit sha1_base64="FiXPrwzGbNpptpl75sMyCdqg5A0="></latexit><latexit sha1_base64="TnZ7lUkOn21CVKPs7NA/Luv76Nk="></latexit>

f4 =
M

2
pl

6
v
4
0

 
1� ⇤

3H2M2
pl

!

<latexit sha1_base64="+oSEtZ01hNZ4N37/7s+5+LUMQQc="></latexit><latexit sha1_base64="Oo1WKBrx8OPCUQR0V9qkbW6sk2E="></latexit><latexit sha1_base64="Oo1WKBrx8OPCUQR0V9qkbW6sk2E="></latexit><latexit sha1_base64="K38a/G56yCNMHQShqIGEwYHWKU0="></latexit>

}Model parameters 
give cosmology

need static slicing



Step 3: add matter
Tµ
⌫ = diag(�"(r) , P (r) , P (r) , P (r))
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perturbations  
sourced by  

star



Step 4: match to weak field
a) Derive equations — long, needs xAct 
b) Take sub-horizon limit — needs Mathematica 
c) Take weak-field limit 
d) Determine G and  by matching to 
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Solution in exterior is EXACT Schwarzchild-de Sitter

This implies � = 1
<latexit sha1_base64="tGXPOkYS440oyrHSKl8CVUH+TwE=">AAACKXicbZDPSgMxEMZn/W/9r0c9BIvgSXa96EUQvXgRFKwVuqVks1MNTbJLklVK2Ifwqo/gC/ga3tST4IuYth5s60Dgx/fNMJMvyQU3Ngw/gonJqemZ2bn5ysLi0vLK6tr6tckKzbDGMpHpm4QaFFxhzXIr8CbXSGUisJ50Tnt+/R614Zm6st0cm5LeKt7mjFov1eMELT2KWqvVcC/sFxmH6Beqx1uvl18AcNFaCxbjNGOFRGWZoMY0ojC3TUe15UxgWYkLgzllHXqLDY+KSjRN17+3JDteSUk70/4pS/rq3wlHpTFdmfhOSe2dGfV64n9eo7Dtw6bjKi8sKjZY1C4EsRnpfZ6kXCOzouuBMs39rYTdUU2Z9RFVYoUPLJOSqtTFaVq6uLdBS5eW5bApc1G685aLtSQeS59fNJrWOFzv70WeL32QJzCoOdiEbdiFCA7gGM7gAmrAoAOP8ATPwUvwFrwHn4PWieB3ZgOGKvj+AXg4qaM=</latexit><latexit sha1_base64="YRvSSByE4fqRwR5vXe8FFIRpK6Y="></latexit><latexit sha1_base64="YRvSSByE4fqRwR5vXe8FFIRpK6Y="></latexit><latexit sha1_base64="hAV9YTWjzH/2VzGBqr2UNvIMHNI=">AAACKXicbZDLSgMxFIYzXmu9tbp0EyyCK5lxoxuh6MaNUMFeoFNKJnNaQ5PMkGSUEuYh3Ooj+DTu1K0vYtrOwrYeCHz8/zmckz9KOdPG97+8ldW19Y3N0lZ5e2d3b79SPWjpJFMUmjThiepERANnEpqGGQ6dVAEREYd2NLqZ+O0nUJol8sGMU+gJMpRswCgxTmqHERhyFfQrNf/MnxZehqCAGiqq0a96O2Gc0EyANJQTrbuBn5qeJcowyiEvh5mGlNARGULXoSQCdM9O783xiVNiPEiUe9Lgqfp3whKh9VhErlMQ86gXvYn4n9fNzOCyZ5lMMwOSzhYNMo5NgiefxzFTQA0fOyBUMXcrpo9EEWpcROVQwjNNhCAytmEc5zacbFDCxnk+b4qU5/aub0MlsMPc5RcsprUMrfOzwPG9X6tfF0mW0BE6RqcoQBeojm5RAzURRSP0gl7Rm/fufXif3vesdcUrZg7RXHk/v+JIp14=</latexit>

Note: this is a property of the model, not general

Bonus:



Step 5: use this to find TOV



Drawbacks

• Model-dependent 

• Only works for exact de Sitter (no static FRW slicing) 

• Intensive (de Sitter, sub-horizon, weak field, TOV) 

• Hard to get PPN parameters

(unless exact Schwarzchild-de Sitter)



Future idea: Fermi-normal 
coordinates

ds2 = �
h
1� (Ḣ +H
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• Sub-horizon limit of FRW 

• Perturbation of Minkowski 

• Not unique (so what?) 

• Could do PPN!



10) Cosmology after 
GW170817



What was GW170817?



What did we measure?

LIGO

�
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Constraints on new DOF
Horndeski:

Lp
�g

= K(�, X) +G3(�, X)⇤�+G4(�, X)R
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cT 6= c

JS & Jain ’17, Baker et al. ’17, Ezquiaga & Zumalacárregui ’17, Creminelli & Vernizzi ‘17

Strong constraints on: beyond Horndeski, DHOST, 
vector-tensor



Implications for DE
Lp
�g

= K(�, X) +G3(�, X)⇤�+G4(�)R
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quintessence 
K-essence 

(DE not MG)

can get acceleration 
strongly disfavored (7σ) 

(Renk et al. ’17)

no self-acceleration

Other theories: gµ⌫ = ⌦2(�, X)g̃µ⌫
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preserves light-cone

(can tune functions too)
Baker et al. ’17, Ezquiaga & Zumalacárregui ’17



What about strong field?

Ezquiaga & Zumalac´arregui  ‘17

What does ruled out mean?

Ruled out as dark energy!



What about strong field?
Horndeski + beyond is an effective field  theory:

cut-off if DE is: ⇤3 = (MplH
2
0 )

1
3 ⇠ (1000 km)�1
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different if not DE can’t trust theories  
on distances smaller 

than this

Horndeski DE is an IR-modification of gravity!
(modifies on large distances, low energies, low cut-off)



Strong field is fine!
Use Horndeski theory as a UV-modification of gravity!

(large cut-off, important on small scales, high energies)

⌥i ⌧ 1
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Features:

• Asymptotic flatness is fine 

• Vainshtein breaking with  

• Gauss-Bonnet is not ruled out!

O(1)
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( for DE)



Vainshtein breaking tests 
cosmology!
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End of lecture 1
Take away messages:

• The universe is accelerating! 

• Screening mechanisms needed or theory is boring 

• Chameleon, Symmetron: no hair, show up in NR regime 

• Vainshtein: non-linear, no hair 

• Vainshtein breaking: neutron star tests? 

• Horndeski +  alive for strong field

(PPN harder than you think!)


