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Determining H0 from CMB Data in 3 steps  
Step 1:  Calibrating a Standard Ruler

adr = csdt

(From Julien Guy’s lecture)
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Determining H0 from CMB Data in 3 steps  
Step 1:  Calibrating a Standard Ruler

Need to know cs(a) and H(a) to calibrate the ruler.

adr = csdt

(From Julien Guy’s lecture)
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Determining H0 from CMB Data  
Step 1:  Calibrating a Standard Ruler

Need to know cs(a) and H(a) to calibrate the ruler.

c2s = @P/@⇢
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Determining H0 from CMB Data  
Step 1:  Calibrating a Standard Ruler

Need to know c_s(a) and H(a) to calibrate the ruler.

c2s = @P/@⇢

⇢mH
2(a) = 8⇡G/3(⇢� + ⇢⌫+ )

Pressure of plasma impacts peak  
morphology (odd/even height modulation)

“Radiation Driving” effect (Hu & White 1997)
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Determining H0 from CMB Data  
Step 2:  Use the Ruler to Infer Distance



Moon, to scale

is typical size of hot or cold spot

Neff=2 
simulated 
CMB map

✓s = rs/DA

✓d = rd/DA map is smoothed below this scale
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To get the right DA, only thing left in the model to adjust is 
the cosmological constant. With that done, we have H(z).  

Determining H0 from CMB Data  
Step 2:  Use the Ruler to Infer Distance

Step 3:



Questions?



Outline

• Hubble constant from the CMB (and LCDM) 

• Acoustic dynamics are very sensitive to gravitational 
potential evolution ==> strong constraints to the introduction 
of new components and new interactions (and very strong evidence for CDM) 

• Implications for models with light relics 

• FFAT scaling transformation symmetry and a rate ratio 
perspective 

• Recombination?



Five years ago…
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Let’s evolve forward, first assuming uniform expansion and no transport of matter 
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Expansion, with no transport, causes the gravitational potential to decay.
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<latexit sha1_base64="9W7oOtDzNUFNoM2LZ+AycMwljoc=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoMgCGFXgnoMevESiGAekF3C7GxvMmT2wcysEEJ+w4sHRbz6M978GyfJHjSxoKGo6qa7y08FV9q2v63C2vrG5lZxu7Szu7d/UD48aqskkwxbLBGJ7PpUoeAxtjTXArupRBr5Ajv+6G7md55QKp7Ej3qcohfRQcxDzqg2ktsgF8QNUGhKGv1yxa7ac5BV4uSkAjma/fKXGyQsizDWTFCleo6dam9CpeZM4LTkZgpTykZ0gD1DYxqh8ibzm6fkzCgBCRNpKtZkrv6emNBIqXHkm86I6qFa9mbif14v0+GNN+FxmmmM2WJRmAmiEzILgARcItNibAhlkptbCRtSSZk2MZVMCM7yy6ukfVl1rqq1h1qlfpvHUYQTOIVzcOAa6nAPTWgBgxSe4RXerMx6sd6tj0VrwcpnjuEPrM8fOmuQhg==</latexit>

M + �M
<latexit sha1_base64="5lt96uOvr01DmXWZxwVhirsv/FE=">AAAB7HicdVBNS8NAEJ3Ur1q/qh69LBbBU0hiaOut6MVjBfsBbSmb7aZdutmE3Y1QQn+DFw+KePUHefPfuGkrqOiDgcd7M8zMCxLOlHacD6uwtr6xuVXcLu3s7u0flA+P2ipOJaEtEvNYdgOsKGeCtjTTnHYTSXEUcNoJpte537mnUrFY3OlZQgcRHgsWMoK1kVp46CI5LFcc+7Je9fwqcmzHqbmemxOv5l/4yDVKjgqs0ByW3/ujmKQRFZpwrFTPdRI9yLDUjHA6L/VTRRNMpnhMe4YKHFE1yBbHztGZUUYojKUpodFC/T6R4UipWRSYzgjrifrt5eJfXi/VYX2QMZGkmgqyXBSmHOkY5Z+jEZOUaD4zBBPJzK2ITLDERJt8SiaEr0/R/6Tt2W7V9m/9SuNqFUcRTuAUzsGFGjTgBprQAgIMHuAJni1hPVov1uuytWCtZo7hB6y3T3TOjno=</latexit>a1r

<latexit sha1_base64="haftycQpumLjT6uXSjeAyhXTT1E=">AAAB7HicdVBNS8NAEJ3Ur1q/qh69LBbBU0hiaOut6MVjBdMW2lA22227dLMJuxuhlP4GLx4U8eoP8ua/cdNWUNEHA4/3ZpiZF6WcKe04H1ZhbX1jc6u4XdrZ3ds/KB8etVSSSUIDkvBEdiKsKGeCBpppTjuppDiOOG1Hk+vcb99TqVgi7vQ0pWGMR4INGcHaSAHue0j2yxXHvqxXPb+KHNtxaq7n5sSr+Rc+co2SowIrNPvl994gIVlMhSYcK9V1nVSHMyw1I5zOS71M0RSTCR7RrqECx1SFs8Wxc3RmlAEaJtKU0Gihfp+Y4VipaRyZzhjrsfrt5eJfXjfTw3o4YyLNNBVkuWiYcaQTlH+OBkxSovnUEEwkM7ciMsYSE23yKZkQvj5F/5OWZ7tV27/1K42rVRxFOIFTOAcXatCAG2hCAAQYPMATPFvCerRerNdla8FazRzDD1hvn3ZUjns=</latexit>a2r

Let’s evolve forward, assuming uniform expansion and now allowing for transport of matter 

<latexit sha1_base64="9W7oOtDzNUFNoM2LZ+AycMwljoc=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoMgCGFXgnoMevESiGAekF3C7GxvMmT2wcysEEJ+w4sHRbz6M978GyfJHjSxoKGo6qa7y08FV9q2v63C2vrG5lZxu7Szu7d/UD48aqskkwxbLBGJ7PpUoeAxtjTXArupRBr5Ajv+6G7md55QKp7Ej3qcohfRQcxDzqg2ktsgF8QNUGhKGv1yxa7ac5BV4uSkAjma/fKXGyQsizDWTFCleo6dam9CpeZM4LTkZgpTykZ0gD1DYxqh8ibzm6fkzCgBCRNpKtZkrv6emNBIqXHkm86I6qFa9mbif14v0+GNN+FxmmmM2WJRmAmiEzILgARcItNibAhlkptbCRtSSZk2MZVMCM7yy6ukfVl1rqq1h1qlfpvHUYQTOIVzcOAa6nAPTWgBgxSe4RXerMx6sd6tj0VrwcpnjuEPrM8fOmuQhg==</latexit>

M + �M

<latexit sha1_base64="zEIjxE7fTuk05rQ0tUuLecXoyVM=">AAACDHicdVDLSsNAFJ3UV62vqks3g0VwY0xKqXYhFF3oRqhgH9CEMJlO2qEzSZiZCCXkA9z4K25cKOLWD3Dn3zh9CD4PDBzOOZc79/gxo1JZ1ruRm5tfWFzKLxdWVtfWN4qbWy0ZJQKTJo5YJDo+koTRkDQVVYx0YkEQ9xlp+8Ozsd++IULSKLxWo5i4HPVDGlCMlJa8YsmJB9QrH3J4Ag/OnUAgnDo9whSCl1mKvDIUmU5ZZs2ya1Ub/ia2aU1QAjM0vOKb04twwkmoMENSdm0rVm6KhKKYkazgJJLECA9Rn3Q1DREn0k0nx2RwTys9GERCv1DBifp1IkVcyhH3dZIjNZA/vbH4l9dNVHDspjSME0VCPF0UJAyqCI6bgT0qCFZspAnCguq/QjxAuhCl+yvoEj4vhf+TVtm0q2blqlKqn87qyIMdsAv2gQ2OQB1cgAZoAgxuwT14BE/GnfFgPBsv02jOmM1sg28wXj8A9uKaWg==</latexit>

�2/m = �G
�M

a2r

<latexit sha1_base64="OIFM4dAMcluQDF938i5AXk1USpg=">AAACDHicdVDLSgMxFM34rPVVdekmWAQ3jhMp1S6EogvdCBXsAzrDkMlk2tDMgyQjlGE+wI2/4saFIm79AHf+jelD8HkgcDjnXG7u8RLOpLKsd2Nmdm5+YbGwVFxeWV1bL21stmScCkKbJOax6HhYUs4i2lRMcdpJBMWhx2nbG5yN/PYNFZLF0bUaJtQJcS9iASNYacktle2kz1x0EMITuH9uBwKTzPYpVxhe5hl2ERS5TllmzUK1KoK/CTKtMcpgioZberP9mKQhjRThWMoushLlZFgoRjjNi3YqaYLJAPdoV9MIh1Q62fiYHO5qxYdBLPSLFByrXycyHEo5DD2dDLHqy5/eSPzL66YqOHYyFiWpohGZLApSDlUMR81AnwlKFB9qgolg+q+Q9LEuROn+irqEz0vh/6R1aKKqWbmqlOun0zoKYBvsgD2AwBGogwvQAE1AwC24B4/gybgzHoxn42USnTGmM1vgG4zXD/O6mlg=</latexit>

�1/m = �G
�M

a1r

<latexit sha1_base64="lvLxaWc7XcZMa4hcPlwXnm535ws="></latexit>

�M = 4/3⇡(aR)3�⇢ = 4/3⇡(aR)3⇢̄0a
�3 �⇢

⇢
/ a

<latexit sha1_base64="3kDHk5QETjXDazl+X3o719juv1s="></latexit>

In a MD universe :
�⇢

⇢̄
/ a



Mass m test particle

<latexit sha1_base64="9W7oOtDzNUFNoM2LZ+AycMwljoc=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoMgCGFXgnoMevESiGAekF3C7GxvMmT2wcysEEJ+w4sHRbz6M978GyfJHjSxoKGo6qa7y08FV9q2v63C2vrG5lZxu7Szu7d/UD48aqskkwxbLBGJ7PpUoeAxtjTXArupRBr5Ajv+6G7md55QKp7Ej3qcohfRQcxDzqg2ktsgF8QNUGhKGv1yxa7ac5BV4uSkAjma/fKXGyQsizDWTFCleo6dam9CpeZM4LTkZgpTykZ0gD1DYxqh8ibzm6fkzCgBCRNpKtZkrv6emNBIqXHkm86I6qFa9mbif14v0+GNN+FxmmmM2WJRmAmiEzILgARcItNibAhlkptbCRtSSZk2MZVMCM7yy6ukfVl1rqq1h1qlfpvHUYQTOIVzcOAa6nAPTWgBgxSe4RXerMx6sd6tj0VrwcpnjuEPrM8fOmuQhg==</latexit>

M + �M
<latexit sha1_base64="5lt96uOvr01DmXWZxwVhirsv/FE=">AAAB7HicdVBNS8NAEJ3Ur1q/qh69LBbBU0hiaOut6MVjBfsBbSmb7aZdutmE3Y1QQn+DFw+KePUHefPfuGkrqOiDgcd7M8zMCxLOlHacD6uwtr6xuVXcLu3s7u0flA+P2ipOJaEtEvNYdgOsKGeCtjTTnHYTSXEUcNoJpte537mnUrFY3OlZQgcRHgsWMoK1kVp46CI5LFcc+7Je9fwqcmzHqbmemxOv5l/4yDVKjgqs0ByW3/ujmKQRFZpwrFTPdRI9yLDUjHA6L/VTRRNMpnhMe4YKHFE1yBbHztGZUUYojKUpodFC/T6R4UipWRSYzgjrifrt5eJfXi/VYX2QMZGkmgqyXBSmHOkY5Z+jEZOUaD4zBBPJzK2ITLDERJt8SiaEr0/R/6Tt2W7V9m/9SuNqFUcRTuAUzsGFGjTgBprQAgIMHuAJni1hPVov1uuytWCtZo7hB6y3T3TOjno=</latexit>a1r

<latexit sha1_base64="haftycQpumLjT6uXSjeAyhXTT1E=">AAAB7HicdVBNS8NAEJ3Ur1q/qh69LBbBU0hiaOut6MVjBdMW2lA22227dLMJuxuhlP4GLx4U8eoP8ua/cdNWUNEHA4/3ZpiZF6WcKe04H1ZhbX1jc6u4XdrZ3ds/KB8etVSSSUIDkvBEdiKsKGeCBpppTjuppDiOOG1Hk+vcb99TqVgi7vQ0pWGMR4INGcHaSAHue0j2yxXHvqxXPb+KHNtxaq7n5sSr+Rc+co2SowIrNPvl994gIVlMhSYcK9V1nVSHMyw1I5zOS71M0RSTCR7RrqECx1SFs8Wxc3RmlAEaJtKU0Gihfp+Y4VipaRyZzhjrsfrt5eJfXjfTw3o4YyLNNBVkuWiYcaQTlH+OBkxSovnUEEwkM7ciMsYSE23yKZkQvj5F/5OWZ7tV27/1K42rVRxFOIFTOAcXatCAG2hCAAQYPMATPFvCerRerNdla8FazRzDD1hvn3ZUjns=</latexit>a2r

Let’s evolve forward, assuming uniform expansion and now allowing for transport of matter 

<latexit sha1_base64="9W7oOtDzNUFNoM2LZ+AycMwljoc=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoMgCGFXgnoMevESiGAekF3C7GxvMmT2wcysEEJ+w4sHRbz6M978GyfJHjSxoKGo6qa7y08FV9q2v63C2vrG5lZxu7Szu7d/UD48aqskkwxbLBGJ7PpUoeAxtjTXArupRBr5Ajv+6G7md55QKp7Ej3qcohfRQcxDzqg2ktsgF8QNUGhKGv1yxa7ac5BV4uSkAjma/fKXGyQsizDWTFCleo6dam9CpeZM4LTkZgpTykZ0gD1DYxqh8ibzm6fkzCgBCRNpKtZkrv6emNBIqXHkm86I6qFa9mbif14v0+GNN+FxmmmM2WJRmAmiEzILgARcItNibAhlkptbCRtSSZk2MZVMCM7yy6ukfVl1rqq1h1qlfpvHUYQTOIVzcOAa6nAPTWgBgxSe4RXerMx6sd6tj0VrwcpnjuEPrM8fOmuQhg==</latexit>

M + �M

<latexit sha1_base64="zEIjxE7fTuk05rQ0tUuLecXoyVM=">AAACDHicdVDLSsNAFJ3UV62vqks3g0VwY0xKqXYhFF3oRqhgH9CEMJlO2qEzSZiZCCXkA9z4K25cKOLWD3Dn3zh9CD4PDBzOOZc79/gxo1JZ1ruRm5tfWFzKLxdWVtfWN4qbWy0ZJQKTJo5YJDo+koTRkDQVVYx0YkEQ9xlp+8Ozsd++IULSKLxWo5i4HPVDGlCMlJa8YsmJB9QrH3J4Ag/OnUAgnDo9whSCl1mKvDIUmU5ZZs2ya1Ub/ia2aU1QAjM0vOKb04twwkmoMENSdm0rVm6KhKKYkazgJJLECA9Rn3Q1DREn0k0nx2RwTys9GERCv1DBifp1IkVcyhH3dZIjNZA/vbH4l9dNVHDspjSME0VCPF0UJAyqCI6bgT0qCFZspAnCguq/QjxAuhCl+yvoEj4vhf+TVtm0q2blqlKqn87qyIMdsAv2gQ2OQB1cgAZoAgxuwT14BE/GnfFgPBsv02jOmM1sg28wXj8A9uKaWg==</latexit>

�2/m = �G
�M

a2r

<latexit sha1_base64="OIFM4dAMcluQDF938i5AXk1USpg=">AAACDHicdVDLSgMxFM34rPVVdekmWAQ3jhMp1S6EogvdCBXsAzrDkMlk2tDMgyQjlGE+wI2/4saFIm79AHf+jelD8HkgcDjnXG7u8RLOpLKsd2Nmdm5+YbGwVFxeWV1bL21stmScCkKbJOax6HhYUs4i2lRMcdpJBMWhx2nbG5yN/PYNFZLF0bUaJtQJcS9iASNYacktle2kz1x0EMITuH9uBwKTzPYpVxhe5hl2ERS5TllmzUK1KoK/CTKtMcpgioZberP9mKQhjRThWMoushLlZFgoRjjNi3YqaYLJAPdoV9MIh1Q62fiYHO5qxYdBLPSLFByrXycyHEo5DD2dDLHqy5/eSPzL66YqOHYyFiWpohGZLApSDlUMR81AnwlKFB9qgolg+q+Q9LEuROn+irqEz0vh/6R1aKKqWbmqlOun0zoKYBvsgD2AwBGogwvQAE1AwC24B4/gybgzHoxn42USnTGmM1vgG4zXD/O6mlg=</latexit>

�1/m = �G
�M

a1r

<latexit sha1_base64="lvLxaWc7XcZMa4hcPlwXnm535ws="></latexit>

�M = 4/3⇡(aR)3�⇢ = 4/3⇡(aR)3⇢̄0a
�3 �⇢

⇢
/ a

1) Expansion, with no transport, causes the gravitational potential to decay.

2) In MD, free fall leads to transport that exactly balances expansion to keep 

potentials constant. 

<latexit sha1_base64="3kDHk5QETjXDazl+X3o719juv1s="></latexit>

In a MD universe :
�⇢

⇢̄
/ a



Mass m test particle

<latexit sha1_base64="9W7oOtDzNUFNoM2LZ+AycMwljoc=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoMgCGFXgnoMevESiGAekF3C7GxvMmT2wcysEEJ+w4sHRbz6M978GyfJHjSxoKGo6qa7y08FV9q2v63C2vrG5lZxu7Szu7d/UD48aqskkwxbLBGJ7PpUoeAxtjTXArupRBr5Ajv+6G7md55QKp7Ej3qcohfRQcxDzqg2ktsgF8QNUGhKGv1yxa7ac5BV4uSkAjma/fKXGyQsizDWTFCleo6dam9CpeZM4LTkZgpTykZ0gD1DYxqh8ibzm6fkzCgBCRNpKtZkrv6emNBIqXHkm86I6qFa9mbif14v0+GNN+FxmmmM2WJRmAmiEzILgARcItNibAhlkptbCRtSSZk2MZVMCM7yy6ukfVl1rqq1h1qlfpvHUYQTOIVzcOAa6nAPTWgBgxSe4RXerMx6sd6tj0VrwcpnjuEPrM8fOmuQhg==</latexit>

M + �M
<latexit sha1_base64="5lt96uOvr01DmXWZxwVhirsv/FE=">AAAB7HicdVBNS8NAEJ3Ur1q/qh69LBbBU0hiaOut6MVjBfsBbSmb7aZdutmE3Y1QQn+DFw+KePUHefPfuGkrqOiDgcd7M8zMCxLOlHacD6uwtr6xuVXcLu3s7u0flA+P2ipOJaEtEvNYdgOsKGeCtjTTnHYTSXEUcNoJpte537mnUrFY3OlZQgcRHgsWMoK1kVp46CI5LFcc+7Je9fwqcmzHqbmemxOv5l/4yDVKjgqs0ByW3/ujmKQRFZpwrFTPdRI9yLDUjHA6L/VTRRNMpnhMe4YKHFE1yBbHztGZUUYojKUpodFC/T6R4UipWRSYzgjrifrt5eJfXi/VYX2QMZGkmgqyXBSmHOkY5Z+jEZOUaD4zBBPJzK2ITLDERJt8SiaEr0/R/6Tt2W7V9m/9SuNqFUcRTuAUzsGFGjTgBprQAgIMHuAJni1hPVov1uuytWCtZo7hB6y3T3TOjno=</latexit>a1r

<latexit sha1_base64="haftycQpumLjT6uXSjeAyhXTT1E=">AAAB7HicdVBNS8NAEJ3Ur1q/qh69LBbBU0hiaOut6MVjBdMW2lA22227dLMJuxuhlP4GLx4U8eoP8ua/cdNWUNEHA4/3ZpiZF6WcKe04H1ZhbX1jc6u4XdrZ3ds/KB8etVSSSUIDkvBEdiKsKGeCBpppTjuppDiOOG1Hk+vcb99TqVgi7vQ0pWGMR4INGcHaSAHue0j2yxXHvqxXPb+KHNtxaq7n5sSr+Rc+co2SowIrNPvl994gIVlMhSYcK9V1nVSHMyw1I5zOS71M0RSTCR7RrqECx1SFs8Wxc3RmlAEaJtKU0Gihfp+Y4VipaRyZzhjrsfrt5eJfXjfTw3o4YyLNNBVkuWiYcaQTlH+OBkxSovnUEEwkM7ciMsYSE23yKZkQvj5F/5OWZ7tV27/1K42rVRxFOIFTOAcXatCAG2hCAAQYPMATPFvCerRerNdla8FazRzDD1hvn3ZUjns=</latexit>a2r

Let’s evolve forward, assuming uniform expansion and now allowing for transport of matter 

<latexit sha1_base64="9W7oOtDzNUFNoM2LZ+AycMwljoc=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoMgCGFXgnoMevESiGAekF3C7GxvMmT2wcysEEJ+w4sHRbz6M978GyfJHjSxoKGo6qa7y08FV9q2v63C2vrG5lZxu7Szu7d/UD48aqskkwxbLBGJ7PpUoeAxtjTXArupRBr5Ajv+6G7md55QKp7Ej3qcohfRQcxDzqg2ktsgF8QNUGhKGv1yxa7ac5BV4uSkAjma/fKXGyQsizDWTFCleo6dam9CpeZM4LTkZgpTykZ0gD1DYxqh8ibzm6fkzCgBCRNpKtZkrv6emNBIqXHkm86I6qFa9mbif14v0+GNN+FxmmmM2WJRmAmiEzILgARcItNibAhlkptbCRtSSZk2MZVMCM7yy6ukfVl1rqq1h1qlfpvHUYQTOIVzcOAa6nAPTWgBgxSe4RXerMx6sd6tj0VrwcpnjuEPrM8fOmuQhg==</latexit>

M + �M

<latexit sha1_base64="zEIjxE7fTuk05rQ0tUuLecXoyVM=">AAACDHicdVDLSsNAFJ3UV62vqks3g0VwY0xKqXYhFF3oRqhgH9CEMJlO2qEzSZiZCCXkA9z4K25cKOLWD3Dn3zh9CD4PDBzOOZc79/gxo1JZ1ruRm5tfWFzKLxdWVtfWN4qbWy0ZJQKTJo5YJDo+koTRkDQVVYx0YkEQ9xlp+8Ozsd++IULSKLxWo5i4HPVDGlCMlJa8YsmJB9QrH3J4Ag/OnUAgnDo9whSCl1mKvDIUmU5ZZs2ya1Ub/ia2aU1QAjM0vOKb04twwkmoMENSdm0rVm6KhKKYkazgJJLECA9Rn3Q1DREn0k0nx2RwTys9GERCv1DBifp1IkVcyhH3dZIjNZA/vbH4l9dNVHDspjSME0VCPF0UJAyqCI6bgT0qCFZspAnCguq/QjxAuhCl+yvoEj4vhf+TVtm0q2blqlKqn87qyIMdsAv2gQ2OQB1cgAZoAgxuwT14BE/GnfFgPBsv02jOmM1sg28wXj8A9uKaWg==</latexit>

�2/m = �G
�M

a2r

<latexit sha1_base64="OIFM4dAMcluQDF938i5AXk1USpg=">AAACDHicdVDLSgMxFM34rPVVdekmWAQ3jhMp1S6EogvdCBXsAzrDkMlk2tDMgyQjlGE+wI2/4saFIm79AHf+jelD8HkgcDjnXG7u8RLOpLKsd2Nmdm5+YbGwVFxeWV1bL21stmScCkKbJOax6HhYUs4i2lRMcdpJBMWhx2nbG5yN/PYNFZLF0bUaJtQJcS9iASNYacktle2kz1x0EMITuH9uBwKTzPYpVxhe5hl2ERS5TllmzUK1KoK/CTKtMcpgioZberP9mKQhjRThWMoushLlZFgoRjjNi3YqaYLJAPdoV9MIh1Q62fiYHO5qxYdBLPSLFByrXycyHEo5DD2dDLHqy5/eSPzL66YqOHYyFiWpohGZLApSDlUMR81AnwlKFB9qgolg+q+Q9LEuROn+irqEz0vh/6R1aKKqWbmqlOun0zoKYBvsgD2AwBGogwvQAE1AwC24B4/gybgzHoxn42USnTGmM1vgG4zXD/O6mlg=</latexit>

�1/m = �G
�M

a1r

<latexit sha1_base64="lvLxaWc7XcZMa4hcPlwXnm535ws="></latexit>

�M = 4/3⇡(aR)3�⇢ = 4/3⇡(aR)3⇢̄0a
�3 �⇢

⇢
/ a

1) Expansion, with no transport, causes the gravitational potential to decay.

2) In MD, free fall leads to transport that exactly balances expansion to keep 

potentials constant. 

3) In RD, pressure support slows transport so gravitational potentials decay

<latexit sha1_base64="3kDHk5QETjXDazl+X3o719juv1s="></latexit>

In a MD universe :
�⇢

⇢̄
/ a
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Amplitude Boost vs. Weight 
Reduction

percentage weight reduction at low point in oscillation
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Amplitude Boost vs. Weight 
Reduction

percentage weight reduction at low point in oscillation
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Amplitude Boost vs. Weight 
Reduction

percentage weight reduction at low point in oscillation
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HO under tension
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Initial
Equilibrium

matter domination

range of oscillation —>

radiation domination

range of oscillation —>

start 
here

start 
here

(because grav potential nearly all  
gone after 1st compression)

(because grav potential is constant 
during matter domination)





if no photon diffusion

==> 

Radiation 
Domination

<===   
Matter 

Domination

Modes that project 
into ell enter the 
horizon (begin 
oscillating) during:



The “potential envelope” of Hu & White (1997) if no photon diffusion

0        78         87         91        93         95    
percentage of energy density in relativistic matter 

when oscillations begin (horizon crossing)



The “potential envelope” of Hu & White (1997) if no photon diffusion

0        10        21          31        42        51  
scale factor at recombination divided 

by scale factor at horizon crossing

“Radiation driving"



Figure by G. Lynch 



Outline

• Hubble constant from the CMB (and LCDM) 

• Acoustic dynamics are very sensitive to gravitational 
potential evolution ==> strong constraints to the introduction 
of new components and new interactions (and very strong evidence for CDM) 

• Implications for models with light relics 

• FFAT scaling transformation symmetry and a rate ratio 
perspective 

• Recombination?



Implications for light relics
If you want to increase light relic density, keep matter to radiation ratio fixed
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⇢rad ! �⇢rad Increasing light relic energy density increases 
radiation density by definition

Can increase density of non-relativistic matter (by 
adding more CDM) 



Implications for light relics
If you want to increase light relic density, keep matter to radiation ratio fixed
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Implications for light relics
If you want to increase light relic density, keep matter to radiation ratio fixed
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1D marginal posterior probability densities given Planck + BAO
The “fs” is for “free-streaming” (light relics)



Sensitivity to increased Neff 
via increased H(z)

Photon diffusion is a random walk so rd ~ 1/H0.5

The sound horizon rs ~ 1/H

✓d/✓s = rd/rs / H
1/2

✓s = rs/DA

✓d = rd/DA



Moon, to scale

Neff affects the ratio of sound horizon to diffusion scale

Neff=2 
simulated 
CMB map



Moon, to scale

Neff affects the ratio of sound horizon to diffusion scale



1D marginal posterior probability densities given Planck + BAO The “fs” is for “free-streaming” (light relics)



Implications for light relics
Why still constrained after taking care of diffusion problem?
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⇢rad ! �⇢rad Increasing light relic energy density increases 
radiation density by definition

Can increase density of non-relativistic matter (by 
adding more CDM) 
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⇢⇤ ! �⇢⇤
This scaling transformation still leads to some changes to gravitational potential evolution. 


Q: What about this might lead to gravitational potential evolution?

 



Implications for light relics
Why still constrained after taking care of diffusion problem?

<latexit sha1_base64="KrygTMK5fA0zsFzM7+cL/oXky/0=">AAACFnicdVBLSwMxGMz6rPW16tFLsAheLLtSqr0VvXisYB/QXZZsNtuGJpslySpl6a/w4l/x4kERr+LNf2P6EOprIDDMzJfkmzBlVGnH+bAWFpeWV1YLa8X1jc2tbXtnt6VEJjFpYsGE7IRIEUYT0tRUM9JJJUE8ZKQdDi7GfvuGSEVFcq2HKfE56iU0phhpIwX2sSf7Isg9ySEfQU/SXl8jKcUt9Ji5JUJwPhDYJadcc9xa1YW/iVt2JiiBGRqB/e5FAmecJBozpFTXdVLt50hqihkZFb1MkRThAeqRrqEJ4kT5+WStETw0SgRjIc1JNJyo8xM54koNeWiSHOm++umNxb+8bqbjMz+nSZppkuDpQ3HGoBZw3BGMqCRYs6EhCEtq/gpxH0mEtWmyaEr42hT+T1onZbdarlxVSvXzWR0FsA8OwBFwwSmog0vQAE2AwR14AE/g2bq3Hq0X63UaXbBmM3vgG6y3TzKmoA4=</latexit>

⇢m ! �⇢m

<latexit sha1_base64="C275Lc1iIoleSnAwXF7cadCHeEc=">AAACGnicdVDLSgMxFM3UV62vqks3wSK4KjNSqt0V3bisYB/QGcqdTNoJzUyGJKOUod/hxl9x40IRd+LGvzF9CNbHgcDhnHOT3OMnnClt2x9Wbml5ZXUtv17Y2Nza3inu7rWUSCWhTSK4kB0fFOUspk3NNKedRFKIfE7b/vBi4rdvqFRMxNd6lFAvgkHM+oyANlKv6LgyFL3MlRGWEIyxK9kg1CCluMUuN/cEgBcjvWLJLtdsp1Z18G/ilO0pSmiORq/45gaCpBGNNeGgVNexE+1lIDUjnI4LbqpoAmQIA9o1NIaIKi+brjbGR0YJcF9Ic2KNp+r3iQwipUaRb5IR6FD99CbiX1431f0zL2Nxkmoak9lD/ZRjLfCkJxwwSYnmI0OASGb+ikkIEog2bRZMCV+b4v9J66TsVMuVq0qpfj6vI48O0CE6Rg46RXV0iRqoiQi6Qw/oCT1b99aj9WK9zqI5az6zjxZgvX8CdMuhyg==</latexit>

⇢rad ! �⇢rad Increasing light relic energy density increases 
radiation density by definition

Can increase density of non-relativistic matter (by 
adding more CDM) 
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⇢⇤ ! �⇢⇤

1) free-streaming light relics stream out of over densities at the speed of light as opposed to 
photons that do so at the plasma sound speed ==> grav potential decay is even faster 

(Bashinsky & Seljak 2004)

2) Baryons are pressure supported (prior to recombination) so are not falling freely like the CDM. 

Increasing the CDM to baryon ratio helps to preserve potential wells (Ge, Cyr-Racine & Knox 
2023)


This scaling transformation still leads to some changes to gravitational potential evolution. 

Q: What about this might lead to gravitational potential evolution?


 



1D marginal posterior probability densities given Planck + BAO



Outline

• Hubble constant from the CMB (and LCDM) 

• Acoustic dynamics are very sensitive to gravitational 
potential evolution ==> strong constraints to the introduction 
of new components and new interactions 

• Implications for models with light relics 

• FFAT scaling transformation symmetry and a rate ratio 
perspective 

• Recombination?



are all invariant under
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�T/T (✓,�), QCMB(✓,�), UCMB(✓,�),
�⇢m
⇢m

(✓,�, z)

CGK [Cyr-Racine, Ge, and LK (2022)]

See also Zahn & Zaldarriaga (2003) who got

partway there

The Free Fall, Amplitude, and Thomson (FFAT) scaling transformation 



All the dimensional coefficients in 
the relevant Einstein and Boltzmann 
equations can be derived from:
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(for each i = �, ⌫,CDM, baryons,⇤)
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Free Fall Rate

Thomson Scattering Rate

Cyr-Racine, Ge, and LK (2022)

Zahn and Zaldarriaga (2003)

Fourier wave number
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Note that this includes H =

s
8⇡

3

X

i

G⇢i
Cyr-Racine, Ge, and LK (2022)

Zahn and Zaldarriaga (2003)

Fourier wave number
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k

All the dimensional coefficients in 
the relevant Einstein and Boltzmann 
equations can be derived from:

Free Fall Rate

Thomson Scattering Rate



are all invariant under
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�T/T (✓,�), QCMB(✓,�), UCMB(✓,�),
�⇢m
⇢m

(✓,�, z)

CGK [Cyr-Racine, Ge, and LK (2022)]

See also Zahn & Zaldarriaga (2003) who got

partway there

The Free Fall, Amplitude, and Thomson (FFAT) scaling transformation 

Compensates for the k scaling



Fei Ge (UC Davis) Francis-Yan Cyr-Racine

(U. of New Mexico)

Ge, Cyr-Racine, and Knox 
Phys. Rev. D (2023)  

Cyr-Racine, Ge, and Knox 
Phys. Rev. Lett. (2022)



Barriers to implementing FFAT 
Scaling
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Barriers to implementing FFAT 
Scaling
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AS ! �1�nSAS

We’ve measured G and

FIRAS has determined 

<latexit sha1_base64="KEE6oswmhnWmmIM+iCdr0IJW2Fk=">AAAB+HicdVDJSgNBEO1xjXHJqEcvjUHwIMOMhGhuQS8eI5gFMsPQ0+kkTXoZunuEOORLvHhQxKuf4s2/sbMIrg8KHu9VUVUvSRnVxvffnaXlldW19cJGcXNre6fk7u61tMwUJk0smVSdBGnCqCBNQw0jnVQRxBNG2snocuq3b4nSVIobM05JxNFA0D7FyFgpdkuhGso4DweIc3TiT2K37Hs1P6hVA/ibBJ4/Qxks0Ijdt7AnccaJMJghrbuBn5ooR8pQzMikGGaapAiP0IB0LRWIEx3ls8Mn8MgqPdiXypYwcKZ+ncgR13rME9vJkRnqn95U/MvrZqZ/HuVUpJkhAs8X9TMGjYTTFGCPKoING1uCsKL2VoiHSCFsbFZFG8Lnp/B/0jr1gqpXua6U6xeLOArgAByCYxCAM1AHV6ABmgCDDNyDR/Dk3DkPzrPzMm9dchYz++AbnNcP9RqTTw==</latexit>⇢�,0



Barriers to implementing FFAT 
Scaling

<latexit sha1_base64="kHRRUVVgyi6lhNh6W0I7kSBIihw=">AAACHHicdVDLSgMxFM34rPVVdekmWARXZUZLtbuiC11WsA/olJLJZNrQzGRM7ihl6Ie48VfcuFDEjQvBvzF9CFr1QMjhnHtvco8XC67Btj+sufmFxaXlzEp2dW19YzO3tV3XMlGU1agUUjU9opngEasBB8GasWIk9ARreP2zkd+4YUpzGV3BIGbtkHQjHnBKwEid3JGrrxWk59hVPdnhQ3Pzbg+IUvIWu8IM8gmeqenk8nahbDvlkoN/E6dgj5FHU1Q7uTfXlzQJWQRUEK1bjh1DOyUKOBVsmHUTzWJC+6TLWoZGJGS6nY6XG+J9o/g4kMqcCPBY/d6RklDrQeiZypBAT896I/Evr5VAcNJOeRQnwCI6eShIBAaJR0lhnytGQQwMIVRx81dMe0QRCibPrAnha1P8P6kfFpxSoXhZzFdOp3Fk0C7aQwfIQceogi5QFdUQRXfoAT2hZ+veerRerNdJ6Zw17dlBP2C9fwIUiaKm</latexit>p
G⇢i ! �

p
G⇢i

<latexit sha1_base64="f9UFy5EM3cYqWiHXA0qL16Xg8dM=">AAACIXicdVDLSgMxFM3UV62vqks3wSK4KjNS1O6KblxW6As6ZbiTpm1okhmSjFKG/oobf8WNC0W6E3/G9CFYHwcCh3POTXJPGHOmjeu+O5mV1bX1jexmbmt7Z3cvv3/Q0FGiCK2TiEeqFYKmnElaN8xw2ooVBRFy2gyH11O/eUeVZpGsmVFMOwL6kvUYAWOlIH/pa9YXEKS+Erg2lgHFvmL9gQGlonvsc3tVF/ByCttYkC+4xbLrlc89/Jt4RXeGAlqgGuQnfjciiaDSEA5atz03Np0UlGGE03HOTzSNgQyhT9uWShBUd9LZhmN8YpUu7kXKHmnwTP0+kYLQeiRCmxRgBvqnNxX/8tqJ6V12UibjxFBJ5g/1Eo5NhKd14S5TlBg+sgSIYvavmAxAATG21Jwt4WtT/D9pnBW982LptlSoXC3qyKIjdIxOkYcuUAXdoCqqI4Ie0BN6Qa/Oo/PsvDmTeTTjLGYO0RKcj0+CDaRe</latexit>

�Tne ! ��Tne

<latexit sha1_base64="tl1uVSQzN3InKAi2yaKOzccQdUg=">AAACHnicdVBLSwMxGMzWV62vVY9egkXwYtmVWu2t6sVjRfuAbi3ZNG1Ds8mSZJWy7C/x4l/x4kERwZP+G9OX+BwIDDPzJfnGDxlV2nHerdTM7Nz8Qnoxs7S8srpmr29UlYgkJhUsmJB1HynCKCcVTTUj9VASFPiM1Pz+6dCvXROpqOCXehCSZoC6nHYoRtpILfvguBV7MoAXCfQk7fY0klLcQI+ZK9roKnb3+DSQwM9sy846uaLjFgsu/E3cnDNCFkxQbtmvXlvgKCBcY4aUarhOqJsxkppiRpKMFykSItxHXdIwlKOAqGY8Wi+BO0Zpw46Q5nANR+rXiRgFSg0C3yQDpHvqpzcU//Iake4cNWPKw0gTjscPdSIGtYDDrmCbSoI1GxiCsKTmrxD3kERYm0YzpoTppvB/Ut3PuYVc/jyfLZ1M6kiDLbANdoELDkEJnIEyqAAMbsE9eARP1p31YD1bL+NoyprMbIJvsN4+ACYMook=</latexit>

AS ! �1�nSAS

We’ve measured G and

FIRAS has determined 

<latexit sha1_base64="KEE6oswmhnWmmIM+iCdr0IJW2Fk=">AAAB+HicdVDJSgNBEO1xjXHJqEcvjUHwIMOMhGhuQS8eI5gFMsPQ0+kkTXoZunuEOORLvHhQxKuf4s2/sbMIrg8KHu9VUVUvSRnVxvffnaXlldW19cJGcXNre6fk7u61tMwUJk0smVSdBGnCqCBNQw0jnVQRxBNG2snocuq3b4nSVIobM05JxNFA0D7FyFgpdkuhGso4DweIc3TiT2K37Hs1P6hVA/ibBJ4/Qxks0Ijdt7AnccaJMJghrbuBn5ooR8pQzMikGGaapAiP0IB0LRWIEx3ls8Mn8MgqPdiXypYwcKZ+ncgR13rME9vJkRnqn95U/MvrZqZ/HuVUpJkhAs8X9TMGjYTTFGCPKoING1uCsKL2VoiHSCFsbFZFG8Lnp/B/0jr1gqpXua6U6xeLOArgAByCYxCAM1AHV6ABmgCDDNyDR/Dk3DkPzrPzMm9dchYz++AbnNcP9RqTTw==</latexit>⇢�,0

Solution:  Introduce a dark photon that allows for

w/o violating FIRAS constraints

<latexit sha1_base64="67n2FjoRPOWafV7eviTf1riSL+A="></latexit>q
G(⇢� + ⇢D�) = �

p
G⇢�



• To satisfy FIRAS we need dark photons 


• They have to source metric perturbations like light photons do ==> transition 
from fluid to free streaming ==> we need dark baryons to enable dark 
recombination


• To preserve all the important rate ratios we also need a free-streaming 
additional light relic that we might call ‘dark neutrinos.’ 



Cosmological whackamole on steroids?

• To satisfy FIRAS we need dark photons 


• They have to source metric perturbations like light photons do ==> transition 
from fluid to free streaming ==> we need dark baryons to enable dark 
recombination


• To preserve all the important rate ratios we also need a free-streaming 
additional light relic that we might call ‘dark neutrinos.’ 



Cosmological whackamole on steroids?

• To satisfy FIRAS we need dark photons 


• They have to source metric perturbations like light photons do ==> transition 
from fluid to free streaming ==> we need dark baryons to enable dark 
recombination


• To preserve all the important rate ratios we also need a free-streaming 
additional light relic that we might call ‘dark neutrinos.’ 

Maybe not: we get all this from one copy of the standard model of particle physics.
a `mirror world’ dark sector (MWDS)

e.g. Chacko et al. (2006)



Barriers to implementing FFAT 
Scaling

<latexit sha1_base64="kHRRUVVgyi6lhNh6W0I7kSBIihw=">AAACHHicdVDLSgMxFM34rPVVdekmWARXZUZLtbuiC11WsA/olJLJZNrQzGRM7ihl6Ie48VfcuFDEjQvBvzF9CFr1QMjhnHtvco8XC67Btj+sufmFxaXlzEp2dW19YzO3tV3XMlGU1agUUjU9opngEasBB8GasWIk9ARreP2zkd+4YUpzGV3BIGbtkHQjHnBKwEid3JGrrxWk59hVPdnhQ3Pzbg+IUvIWu8IM8gmeqenk8nahbDvlkoN/E6dgj5FHU1Q7uTfXlzQJWQRUEK1bjh1DOyUKOBVsmHUTzWJC+6TLWoZGJGS6nY6XG+J9o/g4kMqcCPBY/d6RklDrQeiZypBAT896I/Evr5VAcNJOeRQnwCI6eShIBAaJR0lhnytGQQwMIVRx81dMe0QRCibPrAnha1P8P6kfFpxSoXhZzFdOp3Fk0C7aQwfIQceogi5QFdUQRXfoAT2hZ+veerRerNdJ6Zw17dlBP2C9fwIUiaKm</latexit>p
G⇢i ! �

p
G⇢i

<latexit sha1_base64="f9UFy5EM3cYqWiHXA0qL16Xg8dM=">AAACIXicdVDLSgMxFM3UV62vqks3wSK4KjNS1O6KblxW6As6ZbiTpm1okhmSjFKG/oobf8WNC0W6E3/G9CFYHwcCh3POTXJPGHOmjeu+O5mV1bX1jexmbmt7Z3cvv3/Q0FGiCK2TiEeqFYKmnElaN8xw2ooVBRFy2gyH11O/eUeVZpGsmVFMOwL6kvUYAWOlIH/pa9YXEKS+Erg2lgHFvmL9gQGlonvsc3tVF/ByCttYkC+4xbLrlc89/Jt4RXeGAlqgGuQnfjciiaDSEA5atz03Np0UlGGE03HOTzSNgQyhT9uWShBUd9LZhmN8YpUu7kXKHmnwTP0+kYLQeiRCmxRgBvqnNxX/8tqJ6V12UibjxFBJ5g/1Eo5NhKd14S5TlBg+sgSIYvavmAxAATG21Jwt4WtT/D9pnBW982LptlSoXC3qyKIjdIxOkYcuUAXdoCqqI4Ie0BN6Qa/Oo/PsvDmTeTTjLGYO0RKcj0+CDaRe</latexit>

�Tne ! ��Tne

<latexit sha1_base64="tl1uVSQzN3InKAi2yaKOzccQdUg=">AAACHnicdVBLSwMxGMzWV62vVY9egkXwYtmVWu2t6sVjRfuAbi3ZNG1Ds8mSZJWy7C/x4l/x4kERwZP+G9OX+BwIDDPzJfnGDxlV2nHerdTM7Nz8Qnoxs7S8srpmr29UlYgkJhUsmJB1HynCKCcVTTUj9VASFPiM1Pz+6dCvXROpqOCXehCSZoC6nHYoRtpILfvguBV7MoAXCfQk7fY0klLcQI+ZK9roKnb3+DSQwM9sy846uaLjFgsu/E3cnDNCFkxQbtmvXlvgKCBcY4aUarhOqJsxkppiRpKMFykSItxHXdIwlKOAqGY8Wi+BO0Zpw46Q5nANR+rXiRgFSg0C3yQDpHvqpzcU//Iake4cNWPKw0gTjscPdSIGtYDDrmCbSoI1GxiCsKTmrxD3kERYm0YzpoTppvB/Ut3PuYVc/jyfLZ1M6kiDLbANdoELDkEJnIEyqAAMbsE9eARP1p31YD1bL+NoyprMbIJvsN4+ACYMook=</latexit>

AS ! �1�nSAS

No barrier to this



Barriers to implementing FFAT 
Scaling

<latexit sha1_base64="kHRRUVVgyi6lhNh6W0I7kSBIihw=">AAACHHicdVDLSgMxFM34rPVVdekmWARXZUZLtbuiC11WsA/olJLJZNrQzGRM7ihl6Ie48VfcuFDEjQvBvzF9CFr1QMjhnHtvco8XC67Btj+sufmFxaXlzEp2dW19YzO3tV3XMlGU1agUUjU9opngEasBB8GasWIk9ARreP2zkd+4YUpzGV3BIGbtkHQjHnBKwEid3JGrrxWk59hVPdnhQ3Pzbg+IUvIWu8IM8gmeqenk8nahbDvlkoN/E6dgj5FHU1Q7uTfXlzQJWQRUEK1bjh1DOyUKOBVsmHUTzWJC+6TLWoZGJGS6nY6XG+J9o/g4kMqcCPBY/d6RklDrQeiZypBAT896I/Evr5VAcNJOeRQnwCI6eShIBAaJR0lhnytGQQwMIVRx81dMe0QRCibPrAnha1P8P6kfFpxSoXhZzFdOp3Fk0C7aQwfIQceogi5QFdUQRXfoAT2hZ+veerRerNdJ6Zw17dlBP2C9fwIUiaKm</latexit>p
G⇢i ! �

p
G⇢i

<latexit sha1_base64="f9UFy5EM3cYqWiHXA0qL16Xg8dM=">AAACIXicdVDLSgMxFM3UV62vqks3wSK4KjNS1O6KblxW6As6ZbiTpm1okhmSjFKG/oobf8WNC0W6E3/G9CFYHwcCh3POTXJPGHOmjeu+O5mV1bX1jexmbmt7Z3cvv3/Q0FGiCK2TiEeqFYKmnElaN8xw2ooVBRFy2gyH11O/eUeVZpGsmVFMOwL6kvUYAWOlIH/pa9YXEKS+Erg2lgHFvmL9gQGlonvsc3tVF/ByCttYkC+4xbLrlc89/Jt4RXeGAlqgGuQnfjciiaDSEA5atz03Np0UlGGE03HOTzSNgQyhT9uWShBUd9LZhmN8YpUu7kXKHmnwTP0+kYLQeiRCmxRgBvqnNxX/8tqJ6V12UibjxFBJ5g/1Eo5NhKd14S5TlBg+sgSIYvavmAxAATG21Jwt4WtT/D9pnBW982LptlSoXC3qyKIjdIxOkYcuUAXdoCqqI4Ie0BN6Qa/Oo/PsvDmTeTTjLGYO0RKcj0+CDaRe</latexit>

�Tne ! ��Tne

<latexit sha1_base64="tl1uVSQzN3InKAi2yaKOzccQdUg=">AAACHnicdVBLSwMxGMzWV62vVY9egkXwYtmVWu2t6sVjRfuAbi3ZNG1Ds8mSZJWy7C/x4l/x4kERwZP+G9OX+BwIDDPzJfnGDxlV2nHerdTM7Nz8Qnoxs7S8srpmr29UlYgkJhUsmJB1HynCKCcVTTUj9VASFPiM1Pz+6dCvXROpqOCXehCSZoC6nHYoRtpILfvguBV7MoAXCfQk7fY0klLcQI+ZK9roKnb3+DSQwM9sy846uaLjFgsu/E3cnDNCFkxQbtmvXlvgKCBcY4aUarhOqJsxkppiRpKMFykSItxHXdIwlKOAqGY8Wi+BO0Zpw46Q5nANR+rXiRgFSg0C3yQDpHvqpzcU//Iake4cNWPKw0gTjscPdSIGtYDDrmCbSoI1GxiCsKTmrxD3kERYm0YzpoTppvB/Ut3PuYVc/jyfLZ1M6kiDLbANdoELDkEJnIEyqAAMbsE9eARP1p31YD1bL+NoyprMbIJvsN4+ACYMook=</latexit>

AS ! �1�nSAS

<latexit sha1_base64="nnA4reqHTgLXav+pRkCAnSdwVpo=">AAACCnicdVDLSsNAFJ34rPUVdelmtAjtwpBIqXYhlLpxWcE+pA1hMp20QyeTMDMRaujajb/ixoUibv0Cd/6N04fg88CFwzn3cu89fsyoVLb9bszNLywuLWdWsqtr6xub5tZ2Q0aJwKSOIxaJlo8kYZSTuqKKkVYsCAp9Rpr+4GzsN6+JkDTil2oYEzdEPU4DipHSkmfucY/kbwrwFLamhHtVmHcOr7y0I0JYGxU8M2dbZdsplxz4mziWPUEOzFDzzLdON8JJSLjCDEnZduxYuSkSimJGRtlOIkmM8AD1SFtTjkIi3XTyyggeaKULg0jo4gpO1K8TKQqlHIa+7gyR6suf3lj8y2snKjhxU8rjRBGOp4uChEEVwXEusEsFwYoNNUFYUH0rxH0kEFY6vawO4fNT+D9pHFlOySpeFHOV6iyODNgF+yAPHHAMKuAc1EAdYHAL7sEjeDLujAfj2XiZts4Zs5kd8A3G6wcXIpgG</latexit>

ne(z) = Xe(z)nB(1� YP)



Barriers to implementing FFAT 
Scaling

<latexit sha1_base64="kHRRUVVgyi6lhNh6W0I7kSBIihw=">AAACHHicdVDLSgMxFM34rPVVdekmWARXZUZLtbuiC11WsA/olJLJZNrQzGRM7ihl6Ie48VfcuFDEjQvBvzF9CFr1QMjhnHtvco8XC67Btj+sufmFxaXlzEp2dW19YzO3tV3XMlGU1agUUjU9opngEasBB8GasWIk9ARreP2zkd+4YUpzGV3BIGbtkHQjHnBKwEid3JGrrxWk59hVPdnhQ3Pzbg+IUvIWu8IM8gmeqenk8nahbDvlkoN/E6dgj5FHU1Q7uTfXlzQJWQRUEK1bjh1DOyUKOBVsmHUTzWJC+6TLWoZGJGS6nY6XG+J9o/g4kMqcCPBY/d6RklDrQeiZypBAT896I/Evr5VAcNJOeRQnwCI6eShIBAaJR0lhnytGQQwMIVRx81dMe0QRCibPrAnha1P8P6kfFpxSoXhZzFdOp3Fk0C7aQwfIQceogi5QFdUQRXfoAT2hZ+veerRerNdJ6Zw17dlBP2C9fwIUiaKm</latexit>p
G⇢i ! �

p
G⇢i

<latexit sha1_base64="f9UFy5EM3cYqWiHXA0qL16Xg8dM=">AAACIXicdVDLSgMxFM3UV62vqks3wSK4KjNS1O6KblxW6As6ZbiTpm1okhmSjFKG/oobf8WNC0W6E3/G9CFYHwcCh3POTXJPGHOmjeu+O5mV1bX1jexmbmt7Z3cvv3/Q0FGiCK2TiEeqFYKmnElaN8xw2ooVBRFy2gyH11O/eUeVZpGsmVFMOwL6kvUYAWOlIH/pa9YXEKS+Erg2lgHFvmL9gQGlonvsc3tVF/ByCttYkC+4xbLrlc89/Jt4RXeGAlqgGuQnfjciiaDSEA5atz03Np0UlGGE03HOTzSNgQyhT9uWShBUd9LZhmN8YpUu7kXKHmnwTP0+kYLQeiRCmxRgBvqnNxX/8tqJ6V12UibjxFBJ5g/1Eo5NhKd14S5TlBg+sgSIYvavmAxAATG21Jwt4WtT/D9pnBW982LptlSoXC3qyKIjdIxOkYcuUAXdoCqqI4Ie0BN6Qa/Oo/PsvDmTeTTjLGYO0RKcj0+CDaRe</latexit>

�Tne ! ��Tne

<latexit sha1_base64="tl1uVSQzN3InKAi2yaKOzccQdUg=">AAACHnicdVBLSwMxGMzWV62vVY9egkXwYtmVWu2t6sVjRfuAbi3ZNG1Ds8mSZJWy7C/x4l/x4kERwZP+G9OX+BwIDDPzJfnGDxlV2nHerdTM7Nz8Qnoxs7S8srpmr29UlYgkJhUsmJB1HynCKCcVTTUj9VASFPiM1Pz+6dCvXROpqOCXehCSZoC6nHYoRtpILfvguBV7MoAXCfQk7fY0klLcQI+ZK9roKnb3+DSQwM9sy846uaLjFgsu/E3cnDNCFkxQbtmvXlvgKCBcY4aUarhOqJsxkppiRpKMFykSItxHXdIwlKOAqGY8Wi+BO0Zpw46Q5nANR+rXiRgFSg0C3yQDpHvqpzcU//Iake4cNWPKw0gTjscPdSIGtYDDrmCbSoI1GxiCsKTmrxD3kERYm0YzpoTppvB/Ut3PuYVc/jyfLZ1M6kiDLbANdoELDkEJnIEyqAAMbsE9eARP1p31YD1bL+NoyprMbIJvsN4+ACYMook=</latexit>

AS ! �1�nSAS

<latexit sha1_base64="nnA4reqHTgLXav+pRkCAnSdwVpo=">AAACCnicdVDLSsNAFJ34rPUVdelmtAjtwpBIqXYhlLpxWcE+pA1hMp20QyeTMDMRaujajb/ixoUibv0Cd/6N04fg88CFwzn3cu89fsyoVLb9bszNLywuLWdWsqtr6xub5tZ2Q0aJwKSOIxaJlo8kYZSTuqKKkVYsCAp9Rpr+4GzsN6+JkDTil2oYEzdEPU4DipHSkmfucY/kbwrwFLamhHtVmHcOr7y0I0JYGxU8M2dbZdsplxz4mziWPUEOzFDzzLdON8JJSLjCDEnZduxYuSkSimJGRtlOIkmM8AD1SFtTjkIi3XTyyggeaKULg0jo4gpO1K8TKQqlHIa+7gyR6suf3lj8y2snKjhxU8rjRBGOp4uChEEVwXEusEsFwYoNNUFYUH0rxH0kEFY6vawO4fNT+D9pHFlOySpeFHOV6iyODNgF+yAPHHAMKuAc1EAdYHAL7sEjeDLujAfj2XiZts4Zs5kd8A3G6wcXIpgG</latexit>

ne(z) = Xe(z)nB(1� YP)

Approximately achieve scaling by 
<latexit sha1_base64="Fv6z1hiOJw4DEWMmDd4QiguKB+M=">AAACF3icdVA7T8MwGHR4lvIKMLJYVEhlaJSgqtCtgoWxSPSBmihyHLe16sSR7YCqqP+Chb/CwgBCrLDxb3AfIJ4nWTrd3Wf7uyBhVCrbfjPm5hcWl5ZzK/nVtfWNTXNruyl5KjBpYM64aAdIEkZj0lBUMdJOBEFRwEgrGJyO/dYVEZLy+EINE+JFqBfTLsVIack3LacEL/3MFRGsj6AraK+vkBD8GrpM3xIiWHRKn4ED3yzYVtV2qhUH/iaOZU9QADPUffPVDTlOIxIrzJCUHcdOlJchoShmZJR3U0kShAeoRzqaxigi0ssme43gvlZC2OVCn1jBifp1IkORlMMo0MkIqb786Y3Fv7xOqrrHXkbjJFUkxtOHuimDisNxSTCkgmDFhpogLKj+K8R9JBBWusq8LuFjU/g/aR5aTsUqn5cLtZNZHTmwC/ZAETjgCNTAGaiDBsDgBtyBB/Bo3Br3xpPxPI3OGbOZHfANxss7u2uecw==</latexit>

1� YP ! �(1� YP)



Barriers to implementing FFAT 
Scaling

<latexit sha1_base64="kHRRUVVgyi6lhNh6W0I7kSBIihw=">AAACHHicdVDLSgMxFM34rPVVdekmWARXZUZLtbuiC11WsA/olJLJZNrQzGRM7ihl6Ie48VfcuFDEjQvBvzF9CFr1QMjhnHtvco8XC67Btj+sufmFxaXlzEp2dW19YzO3tV3XMlGU1agUUjU9opngEasBB8GasWIk9ARreP2zkd+4YUpzGV3BIGbtkHQjHnBKwEid3JGrrxWk59hVPdnhQ3Pzbg+IUvIWu8IM8gmeqenk8nahbDvlkoN/E6dgj5FHU1Q7uTfXlzQJWQRUEK1bjh1DOyUKOBVsmHUTzWJC+6TLWoZGJGS6nY6XG+J9o/g4kMqcCPBY/d6RklDrQeiZypBAT896I/Evr5VAcNJOeRQnwCI6eShIBAaJR0lhnytGQQwMIVRx81dMe0QRCibPrAnha1P8P6kfFpxSoXhZzFdOp3Fk0C7aQwfIQceogi5QFdUQRXfoAT2hZ+veerRerNdJ6Zw17dlBP2C9fwIUiaKm</latexit>p
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AS ! �1�nSAS
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ne(z) = Xe(z)nB(1� YP)

Sensitive to atomic reaction rates

Approximately achieve scaling by 
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1� YP ! �(1� YP)



1D marginal posterior probability densities given Planck + BAO
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F20 = constraints on 
Neff from BBN + D/H 

and Yp measurements 
(Fields et al. 2020)

A21 = measurement of 
Yp (Aver et al. 2021)

BBN Consistent Yp

Contours assume 
MWDS + free Yp



Rate Ratio Changes and Related Observational Impact

Rate ratio change

65

Quantitative Impact on CMB 
Power Spectra  from 10% 

change

10 to 15%

Prior literature

Hu & White (1996), Zahn & 
Zaldarriaga (2004), Martins 
et al. (2010), Hou et al. (2013)

Bashinksy & Seljak (2004), 
Follin et al. (2015), 

Baumann et al. (2016)

Ge, Cyr-Racine & Knox (2023)

Zahn & Zaldarriaga (2003) 
Ge, Cyr-Racine & LK (2023)

5 to 6%

2 to 3%

1 to 2%
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2.

p
⇢rad,fs

p
⇢rad,fluid
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3.

p
⇢m,pressure

p
⇢m,pressureless

<latexit sha1_base64="jhz20MIn9l3k3W51i4+m9BQx/ZU=">AAACD3icbZC7TsMwFIadcivlVmBksahAZQkJqoCxgqVjkXqTmihyXKe1ajuR7SCVqG/AwquwMIAQKysbb4N7GaDlSJY//f85ss8fJowq7TjfVm5ldW19I79Z2Nre2d0r7h+0VJxKTJo4ZrHshEgRRgVpaqoZ6SSSIB4y0g6HtxO/fU+korFo6FFCfI76gkYUI22koHjq2h70FO1zFGSe5LAxhmJGZFx+OIPnsGauoFhybGdacBncOZTAvOpB8cvrxTjlRGjMkFJd10m0nyGpKWZkXPBSRRKEh6hPugYF4kT52XSfMTwxSg9GsTRHaDhVf09kiCs14qHp5EgP1KI3Ef/zuqmOrv2MiiTVRODZQ1HKoI7hJBzYo5JgzUYGEJbU/BXiAZIIaxNhwYTgLq68DK0L2720K3eVUvVmHkceHIFjUAYuuAJVUAN10AQYPIJn8ArerCfrxXq3PmatOWs+cwj+lPX5A4hCmnA=</latexit>

1. �Tne(z)/H(z)

<latexit sha1_base64="Ul3qgBavVmAZcG3h+f6rdBteOpA=">AAACDnicbVC7TsMwFHV4lvIKMLJYVJXKEhJUAWMFS8ci0YfURJXjOq1V24lsB6lE/QIWfoWFAYRYmdn4G9y0A7Qc6UpH59yre+8JE0aVdt1va2V1bX1js7BV3N7Z3du3Dw5bKk4lJk0cs1h2QqQIo4I0NdWMdBJJEA8ZaYejm6nfvidS0Vjc6XFCAo4GgkYUI22knl2uOj7MfMmhJDjmIRW54UOJNFETeAbrlYfTnl1yHTcHXCbenJTAHI2e/eX3Y5xyIjRmSKmu5yY6yJDUFDMyKfqpIgnCIzQgXUMF4kQFWf7OBJaN0odRLE0JDXP190SGuFJjHppOjvRQLXpT8T+vm+roKsioSFJNBJ4tilIGdQyn2cA+NSFoNjYEYUnNrRAPkURYmwSLJgRv8eVl0jp3vAunelst1a7ncRTAMTgBFeCBS1ADddAATYDBI3gGr+DNerJerHfrY9a6Ys1njsAfWJ8/FUCa3g==</latexit>

4. recombination rates/H(z)

Silk damping
Polarization generation

Early boost to delta rho/rho

Temporal phase shift in acoustic oscillations

Baryon-like effect on acoustic peak heights

Changes to matter power spectrum

All changes flow through 1. 

Observational Impact

Ge, Cyr-Racine & LK (2023)



Outline

• Hubble constant from the CMB (and LCDM) 

• Acoustic dynamics are very sensitive to gravitational 
potential evolution ==> strong constraints to the introduction 
of new components and new interactions 

• Implications for models with light relics 

• FFAT scaling transformation symmetry and a rate ratio 
perspective 

• Recombination?



From the Hubble Hunter’s Guide:



State of Theory
Hubble Constant Problem
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SH0ES (Riess et al. 2021)

Figure adapted from 
“The H0 Olympics: a Fair 
Comparison of Models” 

by Schöneberg et al. 
(2022)

Cepheid-calibrated supernovae



State of Theory
Hubble Constant Problem
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SH0ES (Riess et al. 2021)

Figure adapted from 
“The H0 Olympics: a Fair 
Comparison of Models” 

by Schöneberg et al. 
(2022)

Cepheid-calibrated supernovae

Changing recombination!



h  



• Huge departures are 
allowed!

• “ModRec” = Let Xe(z) be determined by 7 control points and 
interpolation between them, and otherwise assume LCDM



• Huge departures are 
allowed!


• BAO makes big difference 
via constraints on      and            <latexit sha1_base64="phZ5KkLBtMqchBGJH22WhcpUTPE=">AAAB8XicdVDLSgNBEOyNrxhfUY9eBoPgadmVEM0t6MWbEcwDkyXMTmaTITOzy8ysEEL+wosHRbz6N978G2eTCD4LGoqqbrq7woQzbTzv3cktLa+sruXXCxubW9s7xd29po5TRWiDxDxW7RBrypmkDcMMp+1EUSxCTlvh6CLzW3dUaRbLGzNOaCDwQLKIEWysdNu9EnSAewIVesWS51Y9v1rx0W/iu94MJVig3iu+dfsxSQWVhnCsdcf3EhNMsDKMcDotdFNNE0xGeEA7lkosqA4ms4un6MgqfRTFypY0aKZ+nZhgofVYhLZTYDPUP71M/MvrpCY6CyZMJqmhkswXRSlHJkbZ+6jPFCWGjy3BRDF7KyJDrDAxNqQshM9P0f+keeL6Fbd8XS7Vzhdx5OEADuEYfDiFGlxCHRpAQMI9PMKTo50H59l5mbfmnMXMPnyD8/oB5vyQcA==</latexit>

⌦m
<latexit sha1_base64="hdB06ZTPDKZQSU8y/WZB4cofXq8=">AAAB73icdVDLSsNAFL2pr1pfVZduBovgKiRSqt0V3XRZwT6gDWEymbRDJ5M4MxFK6U+4caGIW3/HnX/jpK3g88CFwzn3cu89QcqZ0o7zbhVWVtfWN4qbpa3tnd298v5BRyWZJLRNEp7IXoAV5UzQtmaa014qKY4DTrvB+Cr3u3dUKpaIGz1JqRfjoWARI1gbqSf9EDV9p+SXK45dd9x6zUW/iWs7c1RgiZZffhuECcliKjThWKm+66Tam2KpGeF0VhpkiqaYjPGQ9g0VOKbKm87vnaETo4QoSqQpodFc/ToxxbFSkzgwnTHWI/XTy8W/vH6mowtvykSaaSrIYlGUcaQTlD+PQiYp0XxiCCaSmVsRGWGJiTYR5SF8for+J50z263Z1etqpXG5jKMIR3AMp+DCOTSgCS1oAwEO9/AIT9at9WA9Wy+L1oK1nDmEb7BePwAKWo9X</latexit>

rdH0

• “ModRec” = Let Xe(z) be determined by 7 control points and 
interpolation between them, and otherwise assume LCDM





From intersection of 


from radiation-driving effect 


and 


which correlates strongly in 
LCDM with the angular size 
of the sound horizon
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constraint on ⌦mh2
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constraint on ⌦mh3
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What physics could cause this?



CMB Theory
Summary
• Angular scales of CMB power spectra that are very precisely measured are sensitive to gravitational 

potential evolution in the decade of scale factor evolution prior to matter-radiation equality.


• We explored this in some detail, together with constraints from photon diffusion, in the case of light 
relics. But the physics applies much more broadly to provide sensitivity to additional components 
and their interactions during that epoch.


• A “mirror world dark sector” together with something to scale up the Thomson scattering rate can 
allow for very high values of H0, but it then raises questions about light element abundances.


• FFAT scaling is a useful tool for analytic understanding of parameter constraints.


• If we really have to accommodate a high H0 ,  it might have to do with the physics of recombination. I 
still see this as unlikely since the standard model works so well, an impressive success. The kind of 
recombination modifications that boost H0 are testable in the near future with forthcoming SPT-3G 
and ACT data!

Michael and Ester 
Vaida
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See talks tomorrow by Staggs and Schaan who will talk about experiments and the future


