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It’s the departures from 
equilibrium that allow us to probe 
the big bang.



It’s the departures from 
equilibrium that allow us to probe 
the big bang

There is sensitivity to 
<latexit sha1_base64="2aiGVYOBgyi6GmAsP1ZtCgxk9m0=">AAAB73icdVDJSgNBEO2JW4xb1KOXxiB4GmckRHMLejDHCGaBZAg1nZ6kSXfP2N0jhJCf8OJBEa/+jjf/xs4iuD4oeLxXRVW9MOFMG897dzJLyyura9n13Mbm1vZOfnevoeNUEVonMY9VKwRNOZO0bpjhtJUoCiLktBkOL6d+844qzWJ5Y0YJDQT0JYsYAWOlVucKhICTajdf8Nyy55dLPv5NfNeboYAWqHXzb51eTFJBpSEctG77XmKCMSjDCKeTXCfVNAEyhD5tWypBUB2MZ/dO8JFVejiKlS1p8Ez9OjEGofVIhLZTgBnon95U/MtrpyY6D8ZMJqmhkswXRSnHJsbT53GPKUoMH1kCRDF7KyYDUECMjShnQ/j8FP9PGqeuX3KL18VC5WIRRxYdoEN0jHx0hiqoimqojgji6B49oifn1nlwnp2XeWvGWczso29wXj8AzMeP1w==</latexit>

�/H
<latexit sha1_base64="jR2jJtAZ+fkKDaM/JLlEiojd3jU=">AAAB8nicdVDJSgNBEO2JW4xb1KOXxiB4GmYkRHMJQQ/mGMEsMBlCT6cnadLL0N0jhCGf4cWDIl79Gm/+jZ1FcH1Q8Hiviqp6UcKoNp737uRWVtfWN/Kbha3tnd294v5BW8tUYdLCkknVjZAmjArSMtQw0k0UQTxipBONr2Z+544oTaW4NZOEhBwNBY0pRsZKQe8acY5grQYb/WLJc6ueX6348DfxXW+OElii2S++9QYSp5wIgxnSOvC9xIQZUoZiRqaFXqpJgvAYDUlgqUCc6DCbnzyFJ1YZwFgqW8LAufp1IkNc6wmPbCdHZqR/ejPxLy9ITXwRZlQkqSECLxbFKYNGwtn/cEAVwYZNLEFYUXsrxCOkEDY2pYIN4fNT+D9pn7l+xS3flEv1y2UceXAEjsEp8ME5qIMGaIIWwECCe/AInhzjPDjPzsuiNecsZw7BNzivHxnZkII=</latexit>

� >> Hwhen



BBN Example



Dependence of Helium production on H(z)

Cooler ==> 

TP,n freeze-out Tnuc

higher H (at given T) ==> Γ = H at higher T ==> more 
neutrons around ==> more Helium  

(also less time for neutron decay) 

p
n

Γ here is per-neutron rate of 
p + e <--> n + νe

If Γ > H then  

nn = np exp(-Δmc2/kT)

1 MeV 0.1 MeV



<latexit sha1_base64="N90hog9pu2vZ2Zh/VyW5S4YQ0Y4=">AAACEXicdVA9SwNBEN3z2/h1ammzGIRU8U5CNF3QQssIxkRyIeztTZIlu3vH7p4QjvwFG/+KjYUitnZ2/hs3MYKfDwYe780wMy9MONPG896cmdm5+YXFpeXcyura+oa7uXWp41RRqNOYx6oZEg2cSagbZjg0EwVEhBwa4eBk7DeuQWkWywszTKAtSE+yLqPEWKnjFq46WaAEro1wgCcsggRkpAMcywBb9ZQIQfbPOm7eK1Y8v1L28W/iF70J8miKWsd9DaKYpgKkoZxo3fK9xLQzogyjHEa5INWQEDogPWhZKokA3c4mH43wnlUi3I2VLWnwRP06kRGh9VCEtlMQ09c/vbH4l9dKTfeonTGZpAYk/VjUTTk2MR7HgyOmgBo+tIRQxeytmPaJItTYEHM2hM9P8f/k8qDol4ul81K+ejyNYwntoF1UQD46RFV0hmqojii6QXfoAT06t8698+Q8f7TOONOZbfQNzss706acag==</latexit>

YP depends on �/H

<latexit sha1_base64="oDLvivVf5COyq8XVOVYoOP7Bx5A=">AAACA3icdVDJSgNBEO1xjXGLetNLYxA8DTMSorkFvXgRIphFMsPQ06lJmvQsdPcIYRjw4q948aCIV3/Cm39jZxFcHxQ83quiqp6fcCaVZb0bc/MLi0vLhZXi6tr6xmZpa7sl41RQaNKYx6LjEwmcRdBUTHHoJAJI6HNo+8Ozsd++ASFZHF2pUQJuSPoRCxglSkteaTdzRIgvgMhUQI4dfO1NlEaOvVLZMmuWXava+DexTWuCMpqh4ZXenF5M0xAiRTmRsmtbiXIzIhSjHPKik0pICB2SPnQ1jUgI0s0mP+T4QCs9HMRCV6TwRP06kZFQylHo686QqIH86Y3Fv7xuqoITN2NRkiqI6HRRkHKsYjwOBPeYAKr4SBNCBdO3YjogglClYyvqED4/xf+T1pFpV83KZaVcP53FUUB7aB8dIhsdozo6Rw3URBTdonv0iJ6MO+PBeDZepq1zxmxmB32D8foBMmOXQg==</latexit>

Measure YP
<latexit sha1_base64="6I9rk3wD4Ofs0RPPl4r3DRC1ejU=">AAAB/HicdVDLSsNAFJ3UV62vaJduBovgKiQi1e6KLhTcVLAPaEKZTCft0JlJmJkoIdRfceNCEbd+iDv/xulD8HngwuGce7n3njBhVGnXfbcKC4tLyyvF1dLa+sbmlr2901JxKjFp4pjFshMiRRgVpKmpZqSTSIJ4yEg7HJ1N/PYNkYrG4lpnCQk4GggaUYy0kXp2Ofclh5civh1DH/rniHPUsyuuU3O9WtWDv4nnuFNUwByNnv3m92OcciI0ZkiprucmOsiR1BQzMi75qSIJwiM0IF1DBeJEBfn0+DHcN0ofRrE0JTScql8ncsSVynhoOjnSQ/XTm4h/ed1URydBTkWSaiLwbFGUMqhjOEkC9qkkWLPMEIQlNbdCPEQSYW3yKpkQPj+F/5PWoeNVnaOro0r9dB5HEeyCPXAAPHAM6uACNEATYJCBe/AInqw768F6tl5mrQVrPlMG32C9fgBDkpSN</latexit>

Know �

<latexit sha1_base64="Ds17+eNb1kgu1DTsNfNCZZ12gmo=">AAAB+HicdVDLSsNAFJ3UV62PRl26GSyCq5JIqXZXdFN3FewDmlAm05t26GQSZiZCDf0SNy4UceunuPNvnD4EnwcuHM65l3vvCRLOlHacdyu3srq2vpHfLGxt7+wW7b39topTSaFFYx7LbkAUcCagpZnm0E0kkCjg0AnGlzO/cwtSsVjc6EkCfkSGgoWMEm2kvl3MPBnhKxGCnGIPN/p2ySnXHLdWdfFv4padOUpoiWbffvMGMU0jEJpyolTPdRLtZ0RqRjlMC16qICF0TIbQM1SQCJSfzQ+f4mOjDHAYS1NC47n6dSIjkVKTKDCdEdEj9dObiX95vVSH537GRJJqEHSxKEw51jGepYAHTALVfGIIoZKZWzEdEUmoNlkVTAifn+L/Sfu07FbLletKqX6xjCOPDtEROkEuOkN11EBN1EIUpegePaIn6856sJ6tl0VrzlrOHKBvsF4/AB4vksM=</latexit>

Infer H}



What are the important rates that 
allow for

+
<latexit sha1_base64="+OX9niBgsxjeLpOkHFgv0siZ1Rs=">AAAB7XicdVDJSgNBEO2JW4xb1KOXxiB4GmYkRHMLetBjBLNAMoSaTk/Spnt66O4RwpB/8OJBEa/+jzf/xs4iuD4oeLxXRVW9MOFMG897d3JLyyura/n1wsbm1vZOcXevqWWqCG0QyaVqh6ApZzFtGGY4bSeKggg5bYWji6nfuqNKMxnfmHFCAwGDmEWMgLFSs3sJQkCvWPLcqudXKz7+TXzXm6GEFqj3im/dviSpoLEhHLTu+F5iggyUYYTTSaGbapoAGcGAdiyNQVAdZLNrJ/jIKn0cSWUrNnimfp3IQGg9FqHtFGCG+qc3Ff/yOqmJzoKMxUlqaEzmi6KUYyPx9HXcZ4oSw8eWAFHM3orJEBQQYwMq2BA+P8X/k+aJ61fc8nW5VDtfxJFHB+gQHSMfnaIaukJ11EAE3aJ79IieHOk8OM/Oy7w15yxm9tE3OK8fydGPTA==</latexit>

� } <latexit sha1_base64="LmX8QgLgaRKo2OcJ7cL8TDSLw6A=">AAACFXicdZDLSsNAFIYnXmu9RV26GSxCBSmJlGp3RTd1V8FeoAlhMpm0QyeTMDMRSshLuPFV3LhQxK3gzrdxehG8/jDw851zOHN+P2FUKst6NxYWl5ZXVgtrxfWNza1tc2e3I+NUYNLGMYtFz0eSMMpJW1HFSC8RBEU+I11/dDGpd2+IkDTm12qcEDdCA05DipHSyDOPM0dE8JKHROQObEIHTkGZcszSgPLBhHqWZtlR7pklq1K37HrNhr+NXbGmKoG5Wp755gQxTiPCFWZIyr5tJcrNkFAUM5IXnVSSBOERGpC+thxFRLrZ9KocHmoSwDAW+nEFp/TrRIYiKceRrzsjpIbyZ20C/6r1UxWeuRnlSaoIx7NFYcqgiuEkIhhQQbBiY20QFlT/FeIhEggrHWRRh/B5KfzfdE4qdq1SvaqWGufzOApgHxyAMrDBKWiAJmiBNsDgFtyDR/Bk3BkPxrPxMmtdMOYze+CbjNcPOrOeSA==</latexit>

Infer H (including H0) ?



All the rates in the relevant 
Einstein and Boltzmann 
equations:

<latexit sha1_base64="0FLlVwzACyLl12vI1djQQJh+WVw="></latexit>

(for each i = �, ⌫,CDM, baryons,⇤)

<latexit sha1_base64="yN1z6LTeMkLubHqgEVYgcxRypXo=">AAAB+XicdVDLSsNAFJ3UV62vqEs3g0VwFRKRandFF7qsYB/QhDCZTtqhk5k4MymU0D9x40IRt/6JO//GSVvB54ELh3Pu5d57opRRpV333SotLa+srpXXKxubW9s79u5eW4lMYtLCggnZjZAijHLS0lQz0k0lQUnESCcaXRZ+Z0ykooLf6klKggQNOI0pRtpIoW376k7q/Ar6cihCOq2EdtV16q5Xr3nwN/Ecd4YqWKAZ2m9+X+AsIVxjhpTqeW6qgxxJTTEj04qfKZIiPEID0jOUo4SoIJ9dPoVHRunDWEhTXMOZ+nUiR4lSkyQynQnSQ/XTK8S/vF6m4/MgpzzNNOF4vijOGNQCFjHAPpUEazYxBGFJza0QD5FEWJuwihA+P4X/k/aJ49Wc05vTauNiEUcZHIBDcAw8cAYa4Bo0QQtgMAb34BE8Wbn1YD1bL/PWkrWY2QffYL1+AIhRk54=</latexit>p
G⇢i

<latexit sha1_base64="Oglbr8rQP5E2pCIsR5nnWFstoRg=">AAAB/HicdVDLSsNAFJ3UV62vaJduBovgKiQi1e6KblxW6AuaECbTSTt0ZhJmJkII9VfcuFDErR/izr9x+hB8HrhwOOde7r0nShlV2nXfrdLK6tr6RnmzsrW9s7tn7x90VZJJTDo4YYnsR0gRRgXpaKoZ6aeSIB4x0osmVzO/d0ukoolo6zwlAUcjQWOKkTZSaFd9RUcchYUvOWxPoQhJJbRrrtNwvUbdg7+J57hz1MASrdB+84cJzjgRGjOk1MBzUx0USGqKGZlW/EyRFOEJGpGBoQJxooJifvwUHhtlCONEmhIaztWvEwXiSuU8Mp0c6bH66c3Ev7xBpuOLoKAizTQReLEozhjUCZwlAYdUEqxZbgjCkppbIR4jibA2ec1C+PwU/k+6p45Xd85uzmrNy2UcZXAIjsAJ8MA5aIJr0AIdgEEO7sEjeLLurAfr2XpZtJas5UwVfIP1+gFKxJSP</latexit>�Tne

Free Fall

Thomson Scattering



All the rates in the relevant 
Einstein and Boltzmann 
equations:

<latexit sha1_base64="0FLlVwzACyLl12vI1djQQJh+WVw="></latexit>

(for each i = �, ⌫,CDM, baryons,⇤)

<latexit sha1_base64="yN1z6LTeMkLubHqgEVYgcxRypXo=">AAAB+XicdVDLSsNAFJ3UV62vqEs3g0VwFRKRandFF7qsYB/QhDCZTtqhk5k4MymU0D9x40IRt/6JO//GSVvB54ELh3Pu5d57opRRpV333SotLa+srpXXKxubW9s79u5eW4lMYtLCggnZjZAijHLS0lQz0k0lQUnESCcaXRZ+Z0ykooLf6klKggQNOI0pRtpIoW376k7q/Ar6cihCOq2EdtV16q5Xr3nwN/Ecd4YqWKAZ2m9+X+AsIVxjhpTqeW6qgxxJTTEj04qfKZIiPEID0jOUo4SoIJ9dPoVHRunDWEhTXMOZ+nUiR4lSkyQynQnSQ/XTK8S/vF6m4/MgpzzNNOF4vijOGNQCFjHAPpUEazYxBGFJza0QD5FEWJuwihA+P4X/k/aJ49Wc05vTauNiEUcZHIBDcAw8cAYa4Bo0QQtgMAb34BE8Wbn1YD1bL/PWkrWY2QffYL1+AIhRk54=</latexit>p
G⇢i

<latexit sha1_base64="Oglbr8rQP5E2pCIsR5nnWFstoRg=">AAAB/HicdVDLSsNAFJ3UV62vaJduBovgKiQi1e6KblxW6AuaECbTSTt0ZhJmJkII9VfcuFDErR/izr9x+hB8HrhwOOde7r0nShlV2nXfrdLK6tr6RnmzsrW9s7tn7x90VZJJTDo4YYnsR0gRRgXpaKoZ6aeSIB4x0osmVzO/d0ukoolo6zwlAUcjQWOKkTZSaFd9RUcchYUvOWxPoQhJJbRrrtNwvUbdg7+J57hz1MASrdB+84cJzjgRGjOk1MBzUx0USGqKGZlW/EyRFOEJGpGBoQJxooJifvwUHhtlCONEmhIaztWvEwXiSuU8Mp0c6bH66c3Ev7xBpuOLoKAizTQReLEozhjUCZwlAYdUEqxZbgjCkppbIR4jibA2ec1C+PwU/k+6p45Xd85uzmrNy2UcZXAIjsAJ8MA5aIJr0AIdgEEO7sEjeLLurAfr2XpZtJas5UwVfIP1+gFKxJSP</latexit>�Tne

Free Fall

Thomson Scattering

<latexit sha1_base64="j2qRitkvLOVTHrXU8zGz/PuzQys="></latexit>

Note that this includes H =

s
8⇡

3

X

i

G⇢i



FFAT Scaling

are all invariant under
<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="Ur75OCI9avyKtosMXdbtqVxxiiw="></latexit>

�T/T (✓,�), QCMB(✓,�), UCMB(✓,�),
�⇢m
⇢m

(✓,�, z)

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

See also Zahn & Zaldarriaga (2003) who got

partway there



What good is this?
Two possibilities:

1. Use it to solve the H0 problem. Find a cosmological model that allows for 
this scaling transformation and use it to reconcile CMB and BAO with higher 
estimates of the expansion rate today.


2. Use it as a tool for understanding why constraints from observations work 
out the way they do.



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



Barriers to implementing FFAT 
Scaling
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Solution:  Introduce a dark photon that allows for

w/o violating FIRAS constraints
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• 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.’ 
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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)
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ne(z) = Xe(z)nB(1� YP)
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ne(z) = Xe(z)nB(1� YP)

Sensitive to atomic reaction rates
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<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)

Sensitive to atomic reaction rates Sensitive to nuclear reaction rates



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)

Sensitive to atomic reaction rates Sensitive to nuclear reaction rates

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)
<latexit sha1_base64="T3dBZvVpY9WZhcQJlLlxPOiQ5EU=">AAACAnicdVDLSsNAFJ34rPUVdSVuBotQNyGRUu2u6MZlBfuAJoTJZNIOnUzCzESsobjxV9y4UMStX+HOv3H6EHweuHA4517uvSdIGZXKtt+NufmFxaXlwkpxdW19Y9Pc2m7JJBOYNHHCEtEJkCSMctJUVDHSSQVBccBIOxicjf32FRGSJvxSDVPixajHaUQxUlryzd3cFTFEPHRhRK8p741c2PFJ+ebQN0u2VbOdWtWBv4lj2ROUwAwN33xzwwRnMeEKMyRl17FT5eVIKIoZGRXdTJIU4QHqka6mHMVEevnkhRE80EoIo0To4gpO1K8TOYqlHMaB7oyR6suf3lj8y+tmKjrxcsrTTBGOp4uijEGVwHEeMKSCYMWGmiAsqL4V4j4SCCudWlGH8Pkp/J+0jiynalUuKqX66SyOAtgD+6AMHHAM6uAcNEATYHAL7sEjeDLujAfj2XiZts4Zs5kd8A3G6weH9Jbm</latexit>

and fixing Xe(z)



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)

Sensitive to atomic reaction rates Sensitive to nuclear reaction rates

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)
<latexit sha1_base64="T3dBZvVpY9WZhcQJlLlxPOiQ5EU=">AAACAnicdVDLSsNAFJ34rPUVdSVuBotQNyGRUu2u6MZlBfuAJoTJZNIOnUzCzESsobjxV9y4UMStX+HOv3H6EHweuHA4517uvSdIGZXKtt+NufmFxaXlwkpxdW19Y9Pc2m7JJBOYNHHCEtEJkCSMctJUVDHSSQVBccBIOxicjf32FRGSJvxSDVPixajHaUQxUlryzd3cFTFEPHRhRK8p741c2PFJ+ebQN0u2VbOdWtWBv4lj2ROUwAwN33xzwwRnMeEKMyRl17FT5eVIKIoZGRXdTJIU4QHqka6mHMVEevnkhRE80EoIo0To4gpO1K8TOYqlHMaB7oyR6suf3lj8y+tmKjrxcsrTTBGOp4uijEGVwHEeMKSCYMWGmiAsqL4V4j4SCCudWlGH8Pkp/J+0jiynalUuKqX66SyOAtgD+6AMHHAM6uAcNEATYHAL7sEjeDLujAfj2XiZts4Zs5kd8A3G6weH9Jbm</latexit>

and fixing Xe(z)

Artificial: to be discussed later



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)

Sensitive to atomic reaction rates Sensitive to nuclear reaction rates

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)
<latexit sha1_base64="T3dBZvVpY9WZhcQJlLlxPOiQ5EU=">AAACAnicdVDLSsNAFJ34rPUVdSVuBotQNyGRUu2u6MZlBfuAJoTJZNIOnUzCzESsobjxV9y4UMStX+HOv3H6EHweuHA4517uvSdIGZXKtt+NufmFxaXlwkpxdW19Y9Pc2m7JJBOYNHHCEtEJkCSMctJUVDHSSQVBccBIOxicjf32FRGSJvxSDVPixajHaUQxUlryzd3cFTFEPHRhRK8p741c2PFJ+ebQN0u2VbOdWtWBv4lj2ROUwAwN33xzwwRnMeEKMyRl17FT5eVIKIoZGRXdTJIU4QHqka6mHMVEevnkhRE80EoIo0To4gpO1K8TOYqlHMaB7oyR6suf3lj8y+tmKjrxcsrTTBGOp4uijEGVwHEeMKSCYMWGmiAsqL4V4j4SCCudWlGH8Pkp/J+0jiynalUuKqX66SyOAtgD+6AMHHAM6uAcNEATYHAL7sEjeDLujAfj2XiZts4Zs5kd8A3G6weH9Jbm</latexit>

and fixing Xe(z)

Artificial: to be discussed later Artificial: to be dropped later



1D marginal posterior probability densities given Planck + BAO



1D marginal posterior probability densities given Planck + BAO



1D marginal posterior probability densities given Planck + BAO



1D marginal posterior probability densities given Planck + BAO



1D marginal posterior probability densities given Planck + BAO



1D marginal posterior probability densities given Planck + BAO

If we fixed x_e(z) this would be FFAT scaling
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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



What good is this?
Two possibilities:

1. Use it to solve the H0 problem. Find a cosmological model that allows for 
this scaling transformation and use it to reconcile CMB and BAO with higher 
estimates of the expansion rate today.


2. Use it as a tool for understanding why constraints from observations work 
out the way they do.



1D marginal posterior probability densities given Planck + BAO

If we fixed x_e(z) this would be FFAT scaling

“Mix + Yp”
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MWDS + Yp Mix + YpAtomic dark matter ————-> fraction of cdm 
Dark photons ——————> Dark fluid
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MWDS + Yp Mix + YpAtomic dark matter ————-> fraction of cdm 
Dark photons ——————> Dark fluid

Scaling up changes the ratio of

Pressure-supported non-relativistic matter


 To pressureless non-relativistic matter



35Adapted from Ge, Cyr-Racine & Knox (2022)

MWDS + Yp Mix + YpAtomic dark matter ————-> fraction of cdm 
Dark photons ——————> Dark fluid

(Both scaled up from best-fit LCDM with lambda = 1.1)



Categorization of Causes of Light Relics Constraints

Rate ratio change
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Quantitative Impact on 
CMB Power Spectra ( )<latexit sha1_base64="FQfQVO+Uy1PSvg3OZk59zNUdNbY=">AAAB9HicbVDLSsNAFL2pr1pfVZduBovgKiRS1I1QdOOygn1AG8pkMmmHTiZxZlIood/hxoUibv0Yd/6N0zQLbT0wcDjnXO6d4yecKe0431ZpbX1jc6u8XdnZ3ds/qB4etVWcSkJbJOax7PpYUc4EbWmmOe0mkuLI57Tjj+/mfmdCpWKxeNTThHoRHgoWMoK1kbw+N9EAoxvk2u6gWnNsJwdaJW5BalCgOah+9YOYpBEVmnCsVM91Eu1lWGpGOJ1V+qmiCSZjPKQ9QwWOqPKy/OgZOjNKgMJYmic0ytXfExmOlJpGvklGWI/UsjcX//N6qQ6vvYyJJNVUkMWiMOVIx2jeAAqYpETzqSGYSGZuRWSEJSba9FQxJbjLX14l7QvbvbTrD/Va47aoowwncArn4MIVNOAemtACAk/wDK/wZk2sF+vd+lhES1Yxcwx/YH3+AMg1kM8=</latexit>

� = 1.1

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)

None

Zahn & Zaldarriaga (2003) 

and now much better 
understood

5 to 6%

2 to 3%

1 to 2%

<latexit sha1_base64="meh19ayYR25y/Xct06qN+AcmtSw=">AAACK3icbVDLSsNAFJ3UV62vqEs3g0VwISEpRV2WunFZwT6gCWEymbRDJ5k4MxFKyP+48Vdc6MIHbv0Pp4+Ftj1wL4dz7mXmniBlVCrb/jRKa+sbm1vl7crO7t7+gXl41JE8E5i0MWdc9AIkCaMJaSuqGOmlgqA4YKQbjG4mfveRCEl5cq/GKfFiNEhoRDFSWvLNZs2CLnQjgXDuygehclcMua97DAUKLyJZFMVKB0Yso6F2fbNqW/YUcJk4c1IFc7R889UNOc5ikijMkJR9x06VlyOhKGakqLiZJCnCIzQgfU0TFBPp5dNbC3imlRBGXOhKFJyqfzdyFEs5jgM9GSM1lIveRFzl9TMVXXs5TdJMkQTPHooyBhWHk+BgSAXBio01QVhQ/VeIh0jnpnS8FR2Cs3jyMunULOfSqt/Vq43mPI4yOAGn4Bw44Ao0wC1ogTbA4Am8gHfwYTwbb8aX8T0bLRnznWPwD8bPLyJqqOk=</latexit>

2.

p
⇢rad,fs

p
⇢rad,fluid

<latexit sha1_base64="8fqoYnzzuPByEzHxYrXY9KZGCE0=">AAACNXicfVC7TsMwFHXKq5RXgJHFokJiQFECFTBWsDAwFIk+pCaKHNdprdpJsB2kKspPsfAfTDAwgBArv4DbZoAWcSXbR+eca/ueIGFUKtt+MUoLi0vLK+XVytr6xuaWub3TknEqMGnimMWiEyBJGI1IU1HFSCcRBPGAkXYwvBzr7XsiJI2jWzVKiMdRP6IhxUhpyjevTyzoQjcUCGeuvBMqc8Ug9vXOIT+C+i4pU0HyPP9PZvrQFt+s2pY9KTgPnAJUQVEN33xyezFOOYkUZkjKrmMnysuQUBQzklfcVJIE4SHqk66GEeJEetlk6hweaKYHw1joFSk4YX92ZIhLOeKBdnKkBnJWG5N/ad1UhedeRqMkVSTC04fClEEVw3GEsEcFwYqNNEBYUP1XiAdIJ6h00BUdgjM78jxoHVvOqVW7qVXrF0UcZbAH9sEhcMAZqIMr0ABNgMEDeAZv4N14NF6ND+Nzai0ZRc8u+FXG1zcnY62W</latexit>

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)



Bottom Line for this Adventure

• The scaling transformation symmetry is a useful aid to analytic 
understanding. (We solved the puzzle that started this adventure). 

• The model it led us to is quite baroque, conflicts with light element 
abundance data, probably requires changes away from standard BBN, and 
leaves the similarity of T and FF scaling unexplained. 

• Future developments could conceivably change this (adventures continue!), 
but right now I feel it is unlikely that nature is doing something like this. 

• The CGK model is an existence proof though that one can make large 
changes to the underlying model and leave CMB (and other) observables 
invariant.
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GCK: Ge, Cyr-Racine, and Knox Phys. Rev. D (2023)   
CGK: Cyr-Racine, Ge, and Knox Phys. Rev. Lett. (2022)


