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Mismatch between
observed dynamics of visible matter its gravitational influence



Dark matter

Particle DM 

Statistical description

Wave DM h~x| (t)i

<latexit sha1_base64="dBE6o/XTOgXOG/EG/+C4OpZyzs8="></latexit>

Schrödinger (or Klein-Gordon) eq.

New matter dof

Distribution function (d.f.) 

•Evolves in phase-space 
•Boltzmann equation

f(t, ~x, ~u)

<latexit sha1_base64="4apvPoDqExDnwWnes79qW/RKjTc="></latexit>

On galactic scales (              ) and larger⇠ kpc

<latexit sha1_base64="GvFdN/Fu7rnKM1uUlyMj+U9Uk4g="></latexit>

Schrödinger-Vlasov 
correspondence

Widrow & Kaiser ApJ Lett 416, L71 (1993)

Kopp, Vattis & C.S, PRD (2017)  (and ref. therein)

@f

@t
+ ~u · ~rxf + ~rx� · ~ruf = C[f ]

<latexit sha1_base64="+0tg3SI0x3JueDIH29xq80wIaMk="></latexit>



Primordial Black holes 

New particle not in standard model 
— e.g. neutralino

Cold Dark Matter ⇤
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CDM}
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Cosmological constant
⇤
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CDM

. . . . . .

Fluctuations

✓̇CDM =  
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�̇CDM = 3�̇� k2

a2
✓CDM
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� ⌘ �⇢

⇢̄
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✓ ⌘ � i~k · ~v
k2

<latexit sha1_base64="VYNavjYcRh3PifrrLqLR2W94ReM=">AAACG3icbVDLSsNAFJ3Ud31FXboZLIIbS1IquhTduFSwKjS1TKY37dDJw5mbQAn5Dzf+ihsXirgSXPg3TtssfB24cOace5l7j59IodFxPq3KzOzc/MLiUnV5ZXVt3d7YvNJxqji0eCxjdeMzDVJE0EKBEm4SBSz0JVz7w9Oxf52B0iKOLnGUQCdk/UgEgjM0UtdueDgAZNSDu1RkdN8LFOO5oF4GPB8W1OO9GKevrCjy4W2j6No1p+5MQP8StyQ1UuK8a797vZinIUTIJdO67ToJdnKmUHAJRdVLNSSMD1kf2oZGLATdySe3FXTXKD0axMpUhHSifp/IWaj1KPRNZ8hwoH97Y/E/r51icNTJRZSkCBGffhSkkmJMx0HRnlDAUY4MYVwJsyvlA2bSQRNn1YTg/j75L7lq1N1m/eCiWTs+KeNYJNtkh+wRlxySY3JGzkmLcHJPHskzebEerCfr1XqbtlascmaL/ID18QWLD6HD</latexit>

⇢̄CDM / 1

a3
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⇢̄⇤ ! constant
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FLRW

Density contrast

Velocity divergence

Cosmological scales



Xenon 1T collaboration PhysRevLett, 123, 251801 (2019)

LZ collaboration
arXiv:2207.03764 



CDM: Success on large scales⇤
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`
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(Compilation from Hans Winther)(Planck collaboration)



W. Hu, ApJ 506, 485 (1998) 

D. Thomas, M. Kopp, CS, S. Ilic, PRL120, 221102 (2018) 

!g = ⇢DMa3
<latexit sha1_base64="5qabmkDoSnlGqtPgmxgrVVPsFtc="></latexit>

S. Ilic, M. Kopp, CS, D. Thomas, PRD 104, 043520 (2021) 

P = w⇢

<latexit sha1_base64="77jQ++wuwJs5Mp317woMwgYXqog="></latexit>

Generalized Dark Matter
�P ⇠ c2s�⇢

<latexit sha1_base64="y+IytdlV3xvBaGKsWKAF/UCK0WU="></latexit>

0 < k . 0.1(hMpc)�1

<latexit sha1_base64="FyfH6bEROMnDmWuG5fv2zknqNLI="></latexit>

GR + dust: large scale description of Universe is ⇤

<latexit sha1_base64="iwdonubZYeOSkX8wciJGVsiL4RU=">AAAB7nicdVDLSsNAFL3xWeur6tLNYBFchaT25a7oxoWLCvYBbSiTyaQdOnkwMxFK6Ee4caGIW7/HnX/jNI2gogcGDuecy9x73JgzqSzrw1hZXVvf2CxsFbd3dvf2SweHXRklgtAOiXgk+i6WlLOQdhRTnPZjQXHgctpzp1cLv3dPhWRReKdmMXUCPA6ZzwhWWuoNb3TUw6NS2TIv6ue1Sh1lpGHlpNq0kW1aGcqQoz0qvQ+9iCQBDRXhWMqBbcXKSbFQjHA6Lw4TSWNMpnhMB5qGOKDSSbN15+hUKx7yI6FfqFCmfp9IcSDlLHB1MsBqIn97C/Evb5Aov+mkLIwTRUOy/MhPOFIRWtyOPCYoUXymCSaC6V0RmWCBidINFXUJX5ei/0m3YtpVs3ZbLbcu8zoKcAwncAY2NKAF19CGDhCYwgM8wbMRG4/Gi/G6jK4Y+cwR/IDx9gmVAY/C</latexit>

CDM



CDM: small scales⇤
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Core-Cusp — a.k.a diversity 
of rotation curves

Missing satellites

Too-big-to-fail

See e.g. Bullock & Boylan-Kolchin (2017)

 Local void too empty 
(Peebles & Nusser, Nature 2010)

Challenges



Regularity in galaxies

Radial Acceleration Relation
Lelli, McGaugh, Schombert & Pawlowski (2017)

153 SPARC galaxies

g
obs (r) = v 2

obs (r)r
=
� ~r

�

<latexit sha1_base64="NOeDSAMh4vXbRiMFwndldlYiafE="></latexit>

gbar(r) =
v2bar(r)

r
= �~r�bar

<latexit sha1_base64="XtXBXz4/TyL9Hmk6RonJQ2++lMY="></latexit>

Baryonic Tully-Fisher
McGaugh et al. (2000)
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DARK MATTER ++

Superfluid dark matter

• Axion-like particles with mass of order eV and strong self-interactions. 
• Aptly described as collective excitations: phonons 

• Superfluid phonons: Goldstone bosons of a spontaneously broken global U(1) symmetry. 

• Lagrangian put in by hand (no fundamental theory)

(Khoury & Berezhiani, 2015)

Self-interacting Dark Matter Ren et al, PRX 9, 031020 (2019) 

Spergel & Steinhardt, PRL 84, 3760 (2000)

Vogelsberger, Zavala, et al

(Blanchet 2007)Dipolar dark matter

“gravitational polarization’’ dipole moment 
 Emergence of universality (MOND) 




To summarize

Large scales

Baryonic Feedback

No competing model fits so well

Intermediate scales

Small scales

Model fits very well

Challenges emerge

⇤
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CDM

Cold 
Dark 

Matter 

. 1Mpc
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& 1Mpc
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& 100Mpc
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. 100Mpc

<latexit sha1_base64="f6Imfwr0B+rbv87EB9534g/Tq88=">AAAB+XicdVDLSgMxFM3UV62vUZdugkVwNWRqX+6KbtwIFewD2qFk0rQNTWaGJFMoQ//EjQtF3Pon7vwb0+kIKnrgwuGce7n3Hj/iTGmEPqzc2vrG5lZ+u7Czu7d/YB8etVUYS0JbJOSh7PpYUc4C2tJMc9qNJMXC57TjT6+XfmdGpWJhcK/nEfUEHgdsxAjWRhrYdp9TpRQT0EUI3kZkYBeRc1m9qJSqMCU1lJFy3YWug1IUQYbmwH7vD0MSCxpowrFSPRdF2kuw1Ixwuij0Y0UjTKZ4THuGBlhQ5SXp5Qt4ZpQhHIXSVKBhqn6fSLBQai580ymwnqjf3lL8y+vFelT3EhZEsaYBWS0axRzqEC5jgEMmKdF8bggmkplbIZlgiYk2YRVMCF+fwv9Ju+S4ZadyVy42rrI48uAEnIJz4IIaaIAb0AQtQMAMPIAn8Gwl1qP1Yr2uWnNWNnMMfsB6+wSQiZL9</latexit>

SiDM⇤

<latexit sha1_base64="iwdonubZYeOSkX8wciJGVsiL4RU=">AAAB7nicdVDLSsNAFL3xWeur6tLNYBFchaT25a7oxoWLCvYBbSiTyaQdOnkwMxFK6Ee4caGIW7/HnX/jNI2gogcGDuecy9x73JgzqSzrw1hZXVvf2CxsFbd3dvf2SweHXRklgtAOiXgk+i6WlLOQdhRTnPZjQXHgctpzp1cLv3dPhWRReKdmMXUCPA6ZzwhWWuoNb3TUw6NS2TIv6ue1Sh1lpGHlpNq0kW1aGcqQoz0qvQ+9iCQBDRXhWMqBbcXKSbFQjHA6Lw4TSWNMpnhMB5qGOKDSSbN15+hUKx7yI6FfqFCmfp9IcSDlLHB1MsBqIn97C/Evb5Aov+mkLIwTRUOy/MhPOFIRWtyOPCYoUXymCSaC6V0RmWCBidINFXUJX5ei/0m3YtpVs3ZbLbcu8zoKcAwncAY2NKAF19CGDhCYwgM8wbMRG4/Gi/G6jK4Y+cwR/IDx9gmVAY/C</latexit>

FDM⇤

<latexit sha1_base64="iwdonubZYeOSkX8wciJGVsiL4RU=">AAAB7nicdVDLSsNAFL3xWeur6tLNYBFchaT25a7oxoWLCvYBbSiTyaQdOnkwMxFK6Ee4caGIW7/HnX/jNI2gogcGDuecy9x73JgzqSzrw1hZXVvf2CxsFbd3dvf2SweHXRklgtAOiXgk+i6WlLOQdhRTnPZjQXHgctpzp1cLv3dPhWRReKdmMXUCPA6ZzwhWWuoNb3TUw6NS2TIv6ue1Sh1lpGHlpNq0kW1aGcqQoz0qvQ+9iCQBDRXhWMqBbcXKSbFQjHA6Lw4TSWNMpnhMB5qGOKDSSbN15+hUKx7yI6FfqFCmfp9IcSDlLHB1MsBqIn97C/Evb5Aov+mkLIwTRUOy/MhPOFIRWtyOPCYoUXymCSaC6V0RmWCBidINFXUJX5ei/0m3YtpVs3ZbLbcu8zoKcAwncAY2NKAF19CGDhCYwgM8wbMRG4/Gi/G6jK4Y+cwR/IDx9gmVAY/C</latexit>

SuperfluidDM⇤

<latexit sha1_base64="iwdonubZYeOSkX8wciJGVsiL4RU=">AAAB7nicdVDLSsNAFL3xWeur6tLNYBFchaT25a7oxoWLCvYBbSiTyaQdOnkwMxFK6Ee4caGIW7/HnX/jNI2gogcGDuecy9x73JgzqSzrw1hZXVvf2CxsFbd3dvf2SweHXRklgtAOiXgk+i6WlLOQdhRTnPZjQXHgctpzp1cLv3dPhWRReKdmMXUCPA6ZzwhWWuoNb3TUw6NS2TIv6ue1Sh1lpGHlpNq0kW1aGcqQoz0qvQ+9iCQBDRXhWMqBbcXKSbFQjHA6Lw4TSWNMpnhMB5qGOKDSSbN15+hUKx7yI6FfqFCmfp9IcSDlLHB1MsBqIn97C/Evb5Aov+mkLIwTRUOy/MhPOFIRWtyOPCYoUXymCSaC6V0RmWCBidINFXUJX5ei/0m3YtpVs3ZbLbcu8zoKcAwncAY2NKAF19CGDhCYwgM8wbMRG4/Gi/G6jK4Y+cwR/IDx9gmVAY/C</latexit>

?⇤

<latexit sha1_base64="iwdonubZYeOSkX8wciJGVsiL4RU=">AAAB7nicdVDLSsNAFL3xWeur6tLNYBFchaT25a7oxoWLCvYBbSiTyaQdOnkwMxFK6Ee4caGIW7/HnX/jNI2gogcGDuecy9x73JgzqSzrw1hZXVvf2CxsFbd3dvf2SweHXRklgtAOiXgk+i6WlLOQdhRTnPZjQXHgctpzp1cLv3dPhWRReKdmMXUCPA6ZzwhWWuoNb3TUw6NS2TIv6ue1Sh1lpGHlpNq0kW1aGcqQoz0qvQ+9iCQBDRXhWMqBbcXKSbFQjHA6Lw4TSWNMpnhMB5qGOKDSSbN15+hUKx7yI6FfqFCmfp9IcSDlLHB1MsBqIn97C/Evb5Aov+mkLIwTRUOy/MhPOFIRWtyOPCYoUXymCSaC6V0RmWCBidINFXUJX5ei/0m3YtpVs3ZbLbcu8zoKcAwncAY2NKAF19CGDhCYwgM8wbMRG4/Gi/G6jK4Y+cwR/IDx9gmVAY/C</latexit>

DM

?

No detection so far

Regularity

DipDM⇤

<latexit sha1_base64="iwdonubZYeOSkX8wciJGVsiL4RU=">AAAB7nicdVDLSsNAFL3xWeur6tLNYBFchaT25a7oxoWLCvYBbSiTyaQdOnkwMxFK6Ee4caGIW7/HnX/jNI2gogcGDuecy9x73JgzqSzrw1hZXVvf2CxsFbd3dvf2SweHXRklgtAOiXgk+i6WlLOQdhRTnPZjQXHgctpzp1cLv3dPhWRReKdmMXUCPA6ZzwhWWuoNb3TUw6NS2TIv6ue1Sh1lpGHlpNq0kW1aGcqQoz0qvQ+9iCQBDRXhWMqBbcXKSbFQjHA6Lw4TSWNMpnhMB5qGOKDSSbN15+hUKx7yI6FfqFCmfp9IcSDlLHB1MsBqIn97C/Evb5Aov+mkLIwTRUOy/MhPOFIRWtyOPCYoUXymCSaC6V0RmWCBidINFXUJX5ei/0m3YtpVs3ZbLbcu8zoKcAwncAY2NKAF19CGDhCYwgM8wbMRG4/Gi/G6jK4Y+cwR/IDx9gmVAY/C</latexit>



New dof

Extending GR

• local,  
• diffeomorphism invariant action,  
• which leads to 2nd order field equations  
• and which depends only on a metric

is a linear combination of the Einstein-Hilbert action with a cosmological constant up to a total derivative: GR

The only in 4DLovelock’s Theorem (1967)  

D > 4

Non-local

DiffeomorphismLovelock
Extra fields

Higher derivatives

Compactify to 4

Localize

Stückelberize

Collect-by-2



New dof
'(I)

<latexit sha1_base64="qZzVf2hDdfcIV7khnyz0SoR67cg="></latexit>

↵(I)
µ

<latexit sha1_base64="Ew+kp8SQDCTnXYsao7wq8weUam4="></latexit>

gµ⌫ = ⌘µ⌫ + hµ⌫

<latexit sha1_base64="vsS8VHvlE15h/YX7BvUjhoszm/I="></latexit>

Minkowski

Matterhµ⌫

<latexit sha1_base64="nG1TBtahHn74IeMURniDTDzd2JA="></latexit>

'(I)

<latexit sha1_base64="qZzVf2hDdfcIV7khnyz0SoR67cg="></latexit>

↵(I)
µ

<latexit sha1_base64="Ew+kp8SQDCTnXYsao7wq8weUam4="></latexit>

L ⇠ (@h)2 + (@')2

<latexit sha1_base64="YgUNpVMydZ0Lagk52qUDZFgkW78="></latexit>

e.g.

hµ⌫

<latexit sha1_base64="nG1TBtahHn74IeMURniDTDzd2JA="></latexit>

'(I)

<latexit sha1_base64="qZzVf2hDdfcIV7khnyz0SoR67cg="></latexit>

↵(I)
µ

<latexit sha1_base64="Ew+kp8SQDCTnXYsao7wq8weUam4="></latexit>

Gravity

L ⇠ (@h)2 + (@')2 + (@h)(@')

<latexit sha1_base64="CjdyO2mTW8o+6evpEgVhVIO+bpY="></latexit>

e.g.

Transformations



T. Baker, D. Psaltis and C.S., Astrophys. J. 802, 63 (2015)

• Need DM 
• GR not tested 
• New dof active

10-62  
 10-58  
 10-54  
 10-50  
 10-46  
 10-42  
 10-38  
 10-34  
 10-30  
 10-26  
 10-22  
 10-18  
 10-14  
 10-10

Cu
rv

at
ur

e,
 ξ

  (
cm

-2
)

10-12  10-10  10-8  10-6  10-4  10-2  100

Potential, ε

BBN

Lambda

 Last scattering

 WD
 MS

 PSRs

 NS

 Clusters Galaxies

 MW

 M87
S stars

R

M
SS

BH

 SMBH

P(k)| z=0
 Accn.
 scale

 Satellite

CMB peaks

• GR experimentally tested 
• Deviations at                           level 
• New dof suppressed

10�4 � 10�8

<latexit sha1_base64="gXczBgT/dMsebyF1gK7ftvNNc1Q=">AAAB+nicbZDLSsNAFIZP6q3WW6pLN4NFcNOSSMUui25cVrAXaGOZTCft0MmFmYlSYh7FjQtF3Pok7nwbp2kW2vrDwMd/zuGc+d2IM6ks69sorK1vbG4Vt0s7u3v7B2b5sCPDWBDaJiEPRc/FknIW0LZiitNeJCj2XU677vR6Xu8+UCFZGNypWUQdH48D5jGClbaGZtm27pNqPUVVlFEjHZoVq2ZlQqtg51CBXK2h+TUYhST2aaAIx1L2bStSToKFYoTTtDSIJY0wmeIx7WsMsE+lk2Snp+hUOyPkhUK/QKHM/T2RYF/Kme/qTh+riVyuzc3/av1YeQ0nYUEUKxqQxSIv5kiFaJ4DGjFBieIzDZgIpm9FZIIFJkqnVdIh2MtfXoXOec2u1y5u65XmVR5HEY7hBM7Ahktowg20oA0EHuEZXuHNeDJejHfjY9FaMPKZI/gj4/MHIiSR/g==</latexit>



Deviation from Newton when

a < a0 ⇠ 1.2⇥ 10�10m/s2
<latexit sha1_base64="P6oNhPCUsapbVm/3qRBJhDcv0+M="></latexit>

Universal constant

)

<latexit sha1_base64="Xag5xb5/pFcWhoXmBwGs4QkyUWU="></latexit>

a ⇠ v2

r
⇠ 1

r

<latexit sha1_base64="wzedN61N0COL6VeOVvEYwBF2tlo="></latexit>

~r ·
 
|~r�|
a0

~r�

!
= 4⇡GN⇢

<latexit sha1_base64="Jbtko+f079QvQWxFK1nQ/ABODyk="></latexit>

Milgrom (1983),  Bekenstein & Milgrom (1984)Modified Newtonian Dynamics

v ⇠

<latexit sha1_base64="i/NPysoxO4zLe+ZTIu05m/XQ4XY="></latexit>

constRubin & Ford (1970)

Phenomenology: galaxies

Gravitational Lensing

CMB

LSS

Relativistic descriptionNot valid for



FRW + linear fluctuations
Effective description:  

aLIGO/Virgo + EM (2017)
Tensor speed = 1

?

Non-relativistic, static: MOND
 Bekenstein & Milgrom 1984

�

<latexit sha1_base64="UGPn88iXC+2EHMW6NdrB5D+JKPA=">AAAB63icdVDLSsNAFJ3UV62vqks3g0VwFZLal7uiG5cV7APaUCbTSTt0ZhJmJkIJ/QU3LhRx6w+582+cpBFU9MCFwzn3cu89fsSo0o7zYRXW1jc2t4rbpZ3dvf2D8uFRT4WxxKSLQxbKgY8UYVSQrqaakUEkCeI+I31/fp36/XsiFQ3FnV5ExONoKmhAMdKpNOrM6LhccezLxkW92oAZaTo5qbVc6NpOhgrI0RmX30eTEMecCI0ZUmroOpH2EiQ1xYwsS6NYkQjhOZqSoaECcaK8JLt1Cc+MMoFBKE0JDTP1+0SCuFIL7ptOjvRM/fZS8S9vGOug5SVURLEmAq8WBTGDOoTp43BCJcGaLQxBWFJzK8QzJBHWJp6SCeHrU/g/6VVtt2bXb2uV9lUeRxGcgFNwDlzQBG1wAzqgCzCYgQfwBJ4tbj1aL9brqrVg5TPH4Aest09sJI6E</latexit>

� =  

<latexit sha1_base64="482YQlM1x3x1GRxHv8tDLumH/NY=">AAAB8nicdVDLSsNAFJ34rPVVdelmsAiuQlL7ciEU3biMYB+QhDKZTtqhk0yYmQgl9DPcuFDErV/jzr9xmkZQ0QMXDufcy733BAmjUlnWh7Gyura+sVnaKm/v7O7tVw4Oe5KnApMu5oyLQYAkYTQmXUUVI4NEEBQFjPSD6fXC798TISmP79QsIX6ExjENKUZKS67nTCi8hJ4j6bBStcyL5nmj1oQ5aVkFqbdtaJtWjioo4Awr796I4zQiscIMSenaVqL8DAlFMSPzspdKkiA8RWPiahqjiEg/y0+ew1OtjGDIha5YwVz9PpGhSMpZFOjOCKmJ/O0txL88N1Vh289onKSKxHi5KEwZVBwu/ocjKghWbKYJwoLqWyGeIIGw0imVdQhfn8L/Sa9m2nWzcVuvdq6KOErgGJyAM2CDFuiAG+CALsCAgwfwBJ4NZTwaL8brsnXFKGaOwA8Yb5+Nh5DP</latexit>

EXTENSION OF GR

⇤

<latexit sha1_base64="iwdonubZYeOSkX8wciJGVsiL4RU=">AAAB7nicdVDLSsNAFL3xWeur6tLNYBFchaT25a7oxoWLCvYBbSiTyaQdOnkwMxFK6Ee4caGIW7/HnX/jNI2gogcGDuecy9x73JgzqSzrw1hZXVvf2CxsFbd3dvf2SweHXRklgtAOiXgk+i6WlLOQdhRTnPZjQXHgctpzp1cLv3dPhWRReKdmMXUCPA6ZzwhWWuoNb3TUw6NS2TIv6ue1Sh1lpGHlpNq0kW1aGcqQoz0qvQ+9iCQBDRXhWMqBbcXKSbFQjHA6Lw4TSWNMpnhMB5qGOKDSSbN15+hUKx7yI6FfqFCmfp9IcSDlLHB1MsBqIn97C/Evb5Aov+mkLIwTRUOy/MhPOFIRWtyOPCYoUXymCSaC6V0RmWCBidINFXUJX5ei/0m3YtpVs3ZbLbcu8zoKcAwncAY2NKAF19CGDhCYwgM8wbMRG4/Gi/G6jK4Y+cwR/IDx9gmVAY/C</latexit>

CDM

Lensing



Parameter

! Y3/2

a0
=

|~r'|3

a0

<latexit sha1_base64="Ye422zaFWpgvq2YRqIrrMla2Hps="></latexit>

J (Y)

<latexit sha1_base64="3PNaeFmij4ba/y7UYb0e9XzhQm4="></latexit>

J (Y)

<latexit sha1_base64="3PNaeFmij4ba/y7UYb0e9XzhQm4="></latexit>

Parameter

{

<latexit sha1_base64="5/I89LR6S/yd0Xc+tJ0LLNpfK0I=">AAAB6XicdVDLSsNAFL3xWeur6tLNYBFclaT25a7oxmUV+4A2lMl00g6dTMLMRCihf+DGhSJu/SN3/o3TNIKKHrhwOOde7r3HizhT2rY/rJXVtfWNzdxWfntnd2+/cHDYUWEsCW2TkIey52FFORO0rZnmtBdJigOP0643vVr43XsqFQvFnZ5F1A3wWDCfEayNdDtIhoWiXbqonVfLNZSSup2RSsNBTslOUYQMrWHhfTAKSRxQoQnHSvUdO9JugqVmhNN5fhArGmEyxWPaN1TggCo3SS+do1OjjJAfSlNCo1T9PpHgQKlZ4JnOAOuJ+u0txL+8fqz9hpswEcWaCrJc5Mcc6RAt3kYjJinRfGYIJpKZWxGZYImJNuHkTQhfn6L/Sadcciql6k2l2LzM4sjBMZzAGThQhyZcQwvaQMCHB3iCZ2tqPVov1uuydcXKZo7gB6y3TyTvjco=</latexit>

! �sY = �s|~r�|2

<latexit sha1_base64="AOqKJp37Qu5rQwMlqtsPAQD3uNE="></latexit>

|~r�| ⌧ a0

<latexit sha1_base64="0G5k6eNrgOUIRYxsMtfjU2nDz90=">AAACA3icdVDJSgNBEO2JW4xb1JteGoPgKczEbN6CXjxGMAtkQqjpdJImPT1Dd08gTAJe/BUvHhTx6k9482/sLIKKPih4vFdFVT0v5Exp2/6wEiura+sbyc3U1vbO7l56/6CugkgSWiMBD2TTA0U5E7Smmea0GUoKvsdpwxtezfzGiErFAnGrxyFt+9AXrMcIaCN10kcTd0RJ7ArwOEzdcMAm2OUcQ8fupDN29qJ4XsgV8ZyU7CXJlx3sZO05MmiJaif97nYDEvlUaMJBqZZjh7odg9SMcDpNuZGiIZAh9GnLUAE+Ve14/sMUnxqli3uBNCU0nqvfJ2LwlRr7nun0QQ/Ub28m/uW1It0rt2MmwkhTQRaLehHHOsCzQHCXSUo0HxsCRDJzKyYDkEC0iS1lQvj6FP9P6rmsk88WbvKZyuUyjiQ6RifoDDmohCroGlVRDRF0hx7QE3q27q1H68V6XbQmrOXMIfoB6+0TU4yX+Q==</latexit>

|~r�| � a0

<latexit sha1_base64="7Y/LCkNZ8UubDqXQkhxfSyHs4Gk=">AAACA3icdVDJSgNBEO2JW4xb1JteGoPgKczEbN6CXjxGMAtkQqjpdJImPT1Dd08gTAJe/BUvHhTx6k9482/sLIKKPih4vFdFVT0v5Exp2/6wEiura+sbyc3U1vbO7l56/6CugkgSWiMBD2TTA0U5E7Smmea0GUoKvsdpwxtezfzGiErFAnGrxyFt+9AXrMcIaCN10kcTd0RJ7ArwOEzdcMAm2O33MXTsTjpjZy+K54VcEc9JyV6SfNnBTtaeI4OWqHbS7243IJFPhSYclGo5dqjbMUjNCKfTlBspGgIZQp+2DBXgU9WO5z9M8alRurgXSFNC47n6fSIGX6mx75lOH/RA/fZm4l9eK9K9cjtmIow0FWSxqBdxrAM8CwR3maRE87EhQCQzt2IyAAlEm9hSJoSvT/H/pJ7LOvls4SafqVwu40iiY3SCzpCDSqiCrlEV1RBBd+gBPaFn6956tF6s10VrwlrOHKIfsN4+AUQ3l+8=</latexit>

Relativistic version gives 
wrong lensing formula

Bekenstein & Milgrom (1984) 

New scalar dof. �

<latexit sha1_base64="LKa1cZ+E8aqFRG8FA4JyoWnQJZg="></latexit>

AQUAL

~r ·
✓
dJ
dY

~r�

◆
= 4⇡GN⇢

<latexit sha1_base64="Gacr2nb+Gl00M1RHdgcktJ2y6n0="></latexit>

(Scalar-tensor theory)

gµ⌫ = e�2�g̃µ⌫

<latexit sha1_base64="kjgT/dkd9ZRiZnRiHr07P2j6iZE="></latexit>

~r� ⇠ GNM

r2
+ ~r'

<latexit sha1_base64="3VuGvHQ50NmAtvEFBjnONhL3Ppo="></latexit>



1/r2
<latexit sha1_base64="+ungT55IaGsgtD3dbLRMgyeWOmo="></latexit>

1/r
<latexit sha1_base64="XxlPH1Nm3awGancxJ4gwz5TQ/wY="></latexit>

p = 1/2
<latexit sha1_base64="g8evdEwkczV2TF3qhcDLHOyOp2U="></latexit>

p = 2<latexit sha1_base64="qH9iTc1YwYkXnO7JqnKy5UpdzdQ="></latexit>

p = 7/2
<latexit sha1_base64="p+neaj3EBONTC5W1g6fRj749h1U="></latexit>

p = 10
<latexit sha1_base64="OiOVpqr/W+w42zoH1r/bx3IqS3Q="></latexit>

1/r3
<latexit sha1_base64="N4Cu7MQB5BKacJExsYJot9LriAU="></latexit>

Mercury Mars Saturn

Screening

~r� ⇠ ~r�̃

<latexit sha1_base64="OKBV9/yeT494j0OmlBSDkjcpyS8="></latexit>

~r� ⇠ ~r'

<latexit sha1_base64="w5shqQfyMr0whPR8Lcg7ljr6CGM="></latexit>

p ! 1 ) ~r� ! const
<latexit sha1_base64="u/aRBZVNbmu+mqEFbG0dNxAWUYc="></latexit>

GR correction 1/r3
<latexit sha1_base64="N4Cu7MQB5BKacJExsYJot9LriAU="></latexit>

Interpolation 
function:

Tracking
~r ·
"
f

 
|~r'|
a0

!
~r'

#
= 4⇡G⇢

<latexit sha1_base64="uMH+604PnDZSUJEkaMH25ZopVzg="></latexit>

|~r'|
a0

⌧ 1

<latexit sha1_base64="ys95cqqFI7FbjoJh1Jb4TFZQFbo="></latexit>

|~r'|
a0

� 1

<latexit sha1_base64="54Ylf0cQzgefiebIEmBkoId4ux8="></latexit>

f

 
|~r'|
a0

!

<latexit sha1_base64="PAtrSlGHJeXPh+s5V8xe3Ec7U5k="></latexit>

|~r'|
a0

<latexit sha1_base64="+5HjFukV6ZGJ4Q9P40dNFdJ3Ilc="></latexit>

Const.

?

DBion — Burrage & Khoury (2014)

f ⌘ dJ
dY

<latexit sha1_base64="ptJCw3takHBkRu578bHYzE6R6s8="></latexit>

L ⇠ J (Y) ⇠ |~r'|3

a0
+ �p

|~r'|2(p+1)

a2p0

<latexit sha1_base64="y6SfuZXrCW3PmyX7kp8M/utPINs="></latexit>

Quasistatic weak-field limit



Screening:

Parameter

! Y3/2

a0
=

|~r'|3

a0

<latexit sha1_base64="Ye422zaFWpgvq2YRqIrrMla2Hps="></latexit>

J (Y)

<latexit sha1_base64="3PNaeFmij4ba/y7UYb0e9XzhQm4="></latexit>

J (Y)

<latexit sha1_base64="3PNaeFmij4ba/y7UYb0e9XzhQm4="></latexit>

Parameter

{

<latexit sha1_base64="5/I89LR6S/yd0Xc+tJ0LLNpfK0I=">AAAB6XicdVDLSsNAFL3xWeur6tLNYBFclaT25a7oxmUV+4A2lMl00g6dTMLMRCihf+DGhSJu/SN3/o3TNIKKHrhwOOde7r3HizhT2rY/rJXVtfWNzdxWfntnd2+/cHDYUWEsCW2TkIey52FFORO0rZnmtBdJigOP0643vVr43XsqFQvFnZ5F1A3wWDCfEayNdDtIhoWiXbqonVfLNZSSup2RSsNBTslOUYQMrWHhfTAKSRxQoQnHSvUdO9JugqVmhNN5fhArGmEyxWPaN1TggCo3SS+do1OjjJAfSlNCo1T9PpHgQKlZ4JnOAOuJ+u0txL+8fqz9hpswEcWaCrJc5Mcc6RAt3kYjJinRfGYIJpKZWxGZYImJNuHkTQhfn6L/Sadcciql6k2l2LzM4sjBMZzAGThQhyZcQwvaQMCHB3iCZ2tqPVov1uuydcXKZo7gB6y3TyTvjco=</latexit>

! �sY = �s|~r�|2

<latexit sha1_base64="AOqKJp37Qu5rQwMlqtsPAQD3uNE="></latexit>

|~r�| ⌧ a0

<latexit sha1_base64="0G5k6eNrgOUIRYxsMtfjU2nDz90=">AAACA3icdVDJSgNBEO2JW4xb1JteGoPgKczEbN6CXjxGMAtkQqjpdJImPT1Dd08gTAJe/BUvHhTx6k9482/sLIKKPih4vFdFVT0v5Exp2/6wEiura+sbyc3U1vbO7l56/6CugkgSWiMBD2TTA0U5E7Smmea0GUoKvsdpwxtezfzGiErFAnGrxyFt+9AXrMcIaCN10kcTd0RJ7ArwOEzdcMAm2OUcQ8fupDN29qJ4XsgV8ZyU7CXJlx3sZO05MmiJaif97nYDEvlUaMJBqZZjh7odg9SMcDpNuZGiIZAh9GnLUAE+Ve14/sMUnxqli3uBNCU0nqvfJ2LwlRr7nun0QQ/Ub28m/uW1It0rt2MmwkhTQRaLehHHOsCzQHCXSUo0HxsCRDJzKyYDkEC0iS1lQvj6FP9P6rmsk88WbvKZyuUyjiQ6RifoDDmohCroGlVRDRF0hx7QE3q27q1H68V6XbQmrOXMIfoB6+0TU4yX+Q==</latexit>

|~r�| � a0

<latexit sha1_base64="7Y/LCkNZ8UubDqXQkhxfSyHs4Gk=">AAACA3icdVDJSgNBEO2JW4xb1JteGoPgKczEbN6CXjxGMAtkQqjpdJImPT1Dd08gTAJe/BUvHhTx6k9482/sLIKKPih4vFdFVT0v5Exp2/6wEiura+sbyc3U1vbO7l56/6CugkgSWiMBD2TTA0U5E7Smmea0GUoKvsdpwxtezfzGiErFAnGrxyFt+9AXrMcIaCN10kcTd0RJ7ArwOEzdcMAm2O33MXTsTjpjZy+K54VcEc9JyV6SfNnBTtaeI4OWqHbS7243IJFPhSYclGo5dqjbMUjNCKfTlBspGgIZQp+2DBXgU9WO5z9M8alRurgXSFNC47n6fSIGX6mx75lOH/RA/fZm4l9eK9K9cjtmIow0FWSxqBdxrAM8CwR3maRE87EhQCQzt2IyAAlEm9hSJoSvT/H/pJ7LOvls4SafqVwu40iiY3SCzpCDSqiCrlEV1RBBd+gBPaFn6956tF6s10VrwlrOHKIfsN4+AUQ3l+8=</latexit>

~r ·
✓
dJ
dY

~r�

◆
= 4⇡GN⇢

<latexit sha1_base64="Gacr2nb+Gl00M1RHdgcktJ2y6n0="></latexit>

�s ! 1

<latexit sha1_base64="BYcaO2j17O2thdbw85kYJYWndLU=">AAACBHicdVDLSgMxFM3UV62vUZfdBIvgapgpLW13RTcuK9hW6JSSSTNtaCYzJHeUUrpw46+4caGIWz/CnX9j+qCo6IHA4ZxzubknSATX4LqfVmZtfWNzK7ud29nd2z+wD49aOk4VZU0ai1jdBEQzwSVrAgfBbhLFSBQI1g5GFzO/fcuU5rG8hnHCuhEZSB5ySsBIPTvvCxPuk572FR8MgSgV32GfyxDGPbvgOjWvXClWsOe4c2DXKVa9WtFbKQW0RKNnf/j9mKYRk0AF0brjuQl0J0QBp4JNc36qWULoiAxYx1BJIqa7k/kRU3xqlD4OY2WeBDxXv09MSKT1OApMMiIw1L+9mfiX10khrHYnXCYpMEkXi8JUYIjxrBHc54pREGNDCFXc/BXTIVGEguktZ0pY3f4/aRUdr+SUr0qF+vmyjizKoxN0hjxUQXV0iRqoiSi6R4/oGb1YD9aT9Wq9LaIZazlzjH7Aev8CvU6Y0g==</latexit>

Tracking: requires J (Y)

<latexit sha1_base64="3PNaeFmij4ba/y7UYb0e9XzhQm4="></latexit>

To be non-analytic

J = �s

⇢
Y � 2a0(1 + �s)

p
Y + 2(1 + �s)

2a20 ln


1 +

p
Y

(1 + �s)a0

��

<latexit sha1_base64="80lhEBW4FSuMGyC8mlvechDiaa4="></latexit>

(1+\lambda_s) 

Example:

~r� ⇠ GNM

r2
+ ~r'

<latexit sha1_base64="3VuGvHQ50NmAtvEFBjnONhL3Ppo="></latexit>



New time-like vector dof

� = �̃+ '

<latexit sha1_base64="pUtN5GsUtMhTXDyNor5xfZWS2Mk="></latexit>

Tensor-Vector-Scalar theory: Bekenstein, PRD 70,  083509 (2004)

Tensor mode speed 6= 1

<latexit sha1_base64="WWlkLc438035HoxkefypY32SjxU="></latexit>

Agreement with matter power spectrum
Disagreement with CMB

Aµ

<latexit sha1_base64="vCZaa/NzJYRvehLUo1HrRLZiGUE="></latexit>

ds2 = �(1 + 2�)dt2 + (1� 2�)d~x2

<latexit sha1_base64="rKy2GGjzpK7PBet89R5AurOe57c="></latexit>

ds2 6= e±2'
h
�e2�̃dt2 + e�2�̃d~x2

i

<latexit sha1_base64="a0wgbQJ7WRNoNkD118xw4nWjK8s="></latexit>

 Sanders, ApJ 480, 492 (1997)
g̃µ⌫AµA⌫ = �1

<latexit sha1_base64="V7CE1WXwcO4tLN3/1UgGqIPG/sA="></latexit>

gµ⌫ = e�2�g̃µ⌫ �
�
e2� � e�2�

�
AµA⌫

<latexit sha1_base64="dgdQtJAV7SaYTGQ+qJJogsrKIlU="></latexit>

But:

Skordis, Mota, Ferreira, Boehm, PRL 96, 011301 (2006)

C.S & Zlosnik, PRD 100, 104013 (2019)
Boran et al., PRD 97, 041501 (2018)

Dodelson & Liguori, PRL 97, 231301 (2006)



New scalar dof. �

<latexit sha1_base64="LKa1cZ+E8aqFRG8FA4JyoWnQJZg="></latexit>

New time-like vector dof. Aµ

<latexit sha1_base64="vCZaa/NzJYRvehLUo1HrRLZiGUE="></latexit>

MOND CDM⇤

<latexit sha1_base64="iwdonubZYeOSkX8wciJGVsiL4RU=">AAAB7nicdVDLSsNAFL3xWeur6tLNYBFchaT25a7oxoWLCvYBbSiTyaQdOnkwMxFK6Ee4caGIW7/HnX/jNI2gogcGDuecy9x73JgzqSzrw1hZXVvf2CxsFbd3dvf2SweHXRklgtAOiXgk+i6WlLOQdhRTnPZjQXHgctpzp1cLv3dPhWRReKdmMXUCPA6ZzwhWWuoNb3TUw6NS2TIv6ue1Sh1lpGHlpNq0kW1aGcqQoz0qvQ+9iCQBDRXhWMqBbcXKSbFQjHA6Lw4TSWNMpnhMB5qGOKDSSbN15+hUKx7yI6FfqFCmfp9IcSDlLHB1MsBqIn97C/Evb5Aov+mkLIwTRUOy/MhPOFIRWtyOPCYoUXymCSaC6V0RmWCBidINFXUJX5ei/0m3YtpVs3ZbLbcu8zoKcAwncAY2NKAF19CGDhCYwgM8wbMRG4/Gi/G6jK4Y+cwR/IDx9gmVAY/C</latexit>

On galactic scales On cosmological scales

C.S. & Zlosnik, PRL 127, 161302 (2021)

One metric: gµ⌫

<latexit sha1_base64="hGAYMR4MDqku1K1f/R7tZ4ENScs=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKexKRI9BLx4jmAdmlzA7mSRDZmaXeQhhyV948aCIV//Gm3/jJNmDJhY0FFXddHfFKWfa+P63V1hb39jcKm6Xdnb39g/Kh0ctnVhFaJMkPFGdGGvKmaRNwwynnVRRLGJO2/H4dua3n6jSLJEPZpLSSOChZANGsHHS47CXhcKG0k575Ypf9edAqyTISQVyNHrlr7CfECuoNIRjrbuBn5oow8owwum0FFpNU0zGeEi7jkosqI6y+cVTdOaUPhokypU0aK7+nsiw0HoiYtcpsBnpZW8m/ud1rRlcRxmTqTVUksWigeXIJGj2PuozRYnhE0cwUczdisgIK0yMC6nkQgiWX14lrYtqUKte3tcq9Zs8jiKcwCmcQwBXUIc7aEATCEh4hld487T34r17H4vWgpfPHMMfeJ8/+4iRIQ==</latexit>

Scherrer (2004)
Arkani-Hamed et al (2004)

Cheng et al (2006)

Kostelecky & Samuel, 
PRD 40, 1886 (1989)

Bekenstein & Milgrom (1984)

Sanders (1997), Bekenstein (2004)

(Sanders (1997), Bekenstein 
(2004) : two metrics)

MOND

CDM⇤

<latexit sha1_base64="iwdonubZYeOSkX8wciJGVsiL4RU=">AAAB7nicdVDLSsNAFL3xWeur6tLNYBFchaT25a7oxoWLCvYBbSiTyaQdOnkwMxFK6Ee4caGIW7/HnX/jNI2gogcGDuecy9x73JgzqSzrw1hZXVvf2CxsFbd3dvf2SweHXRklgtAOiXgk+i6WlLOQdhRTnPZjQXHgctpzp1cLv3dPhWRReKdmMXUCPA6ZzwhWWuoNb3TUw6NS2TIv6ue1Sh1lpGHlpNq0kW1aGcqQoz0qvQ+9iCQBDRXhWMqBbcXKSbFQjHA6Lw4TSWNMpnhMB5qGOKDSSbN15+hUKx7yI6FfqFCmfp9IcSDlLHB1MsBqIn97C/Evb5Aov+mkLIwTRUOy/MhPOFIRWtyOPCYoUXymCSaC6V0RmWCBidINFXUJX5ei/0m3YtpVs3ZbLbcu8zoKcAwncAY2NKAF19CGDhCYwgM8wbMRG4/Gi/G6jK4Y+cwR/IDx9gmVAY/C</latexit>

Bumblebee field

Gauge ghost condensate

Lorentz violation

Einstein-Aether theory
Jacobson. & Mattingly (2002)

Dirac’s new theory of electrons (1963)

TeVeS theory

Tensor mode speed 6= 1

<latexit sha1_base64="WWlkLc438035HoxkefypY32SjxU="></latexit>

Disagreement with CMB

TeVeS theory

•Aether Scalar Tensor (AeST)

Aether:



Ingredients:

gµ⌫

<latexit sha1_base64="0JWPo4rsPSrECCxG0Tb/MvIFQ9A="></latexit>

�

<latexit sha1_base64="uIdZHwVb588oA8nxj05PvmOQ6Do="></latexit>

Aµ

<latexit sha1_base64="1ScUSZInHDdJGQO351W84o90HWU=">AAAB7HicdVDLSsNAFJ34rPVVdelmsAiuQlL7cld147KCaQttKJPppB06MwkzE6GEfoMbF4q49YPc+TdO0wgqeuDC4Zx7ufeeIGZUacf5sFZW19Y3Ngtbxe2d3b390sFhR0WJxMTDEYtkL0CKMCqIp6lmpBdLgnjASDeYXi/87j2RikbiTs9i4nM0FjSkGGkjeZfDAU+GpbJjX9TPa5U6zEjDyUm16ULXdjKUQY72sPQ+GEU44URozJBSfdeJtZ8iqSlmZF4cJIrECE/RmPQNFYgT5afZsXN4apQRDCNpSmiYqd8nUsSVmvHAdHKkJ+q3txD/8vqJDpt+SkWcaCLwclGYMKgjuPgcjqgkWLOZIQhLam6FeIIkwtrkUzQhfH0K/yediu1W7dpttdy6yuMogGNwAs6ACxqgBW5AG3gAAwoewBN4toT1aL1Yr8vWFSufOQI/YL19AiVLju8=</latexit>

S =

Z
d4x

p
�g

16⇡G̃


R� KB

2
Fµ⌫Fµ⌫ + 2(2�KB)J

µrµ�� (2�KB)Y � F(Y,Q)� � (AµAµ + 1)

�
+ Sm[g]

<latexit sha1_base64="DQl0r71sPycW/PPBAWGxVH0Wlr4="></latexit>

Tensor speed = 1
Skordis & Zlosnik (2019)

Fµ⌫ = rµA⌫ �r⌫Aµ

<latexit sha1_base64="aynWl/tgI8LIYOhZCcOyuNaMiRw="></latexit>

Jµ = A⌫r⌫Aµ

<latexit sha1_base64="JwlTC6z5RkESX+NpEI0Wiv7xo3c=">AAACB3icdZDLSgMxFIYz9VbrrepSkGARXA0ztTcXQqsbcVXBXqBTh0yaaUMzmSHJCKV058ZXceNCEbe+gjvfxkxbQUUPBD7+/xxOzu9FjEplWR9GamFxaXklvZpZW9/Y3Mpu7zRlGAtMGjhkoWh7SBJGOWkoqhhpR4KgwGOk5Q3PE791S4SkIb9Wo4h0A9Tn1KcYKS252f1L1wlieAprNw6PocORx5CbYC0x3GzOMk9Kx8V8CU6hbM2hULGhbVrTyoF51d3su9MLcRwQrjBDUnZsK1LdMRKKYkYmGSeWJEJ4iPqko5GjgMjueHrHBB5qpQf9UOjHFZyq3yfGKJByFHi6M0BqIH97ifiX14mVX+mOKY9iRTieLfJjBlUIk1BgjwqCFRtpQFhQ/VeIB0ggrHR0GR3C16Xwf2jmTbtgFq8KuerZPI402AMH4AjYoAyq4ALUQQNgcAcewBN4Nu6NR+PFeJ21poz5zC74UcbbJ6NEmJQ=</latexit>

Y = (gµ⌫ +AµA⌫)rµ�r⌫� ! |~r�|2

<latexit sha1_base64="F4lqBMfISd1eZHxmkBBPtO20Ulc="></latexit>

Q = Aµrµ� ! �̇

<latexit sha1_base64="IEs+g+/fYd92csnhPTC5CSed3tY=">AAACIHicbVDLSsNAFJ3Ud31VXboZLIKrkohSN4KPjcsWrApNLTfTaTN0MgkzN0oJ+RQ3/oobF4roTr/GaezC14GBwzn3cOeeIJHCoOu+O6Wp6ZnZufmF8uLS8spqZW39wsSpZrzFYhnrqwAMl0LxFgqU/CrRHKJA8stgeDr2L2+4NiJW5zhKeCeCgRJ9wQCt1K3UM5+BpM2cHtLjaz9Kqa8gkNAtaBIK6msxCBG0jm+p34sxG6t5t1J1a24B+pd4E1IlEzS6lTcbZmnEFTIJxrQ9N8FOBhoFkzwv+6nhCbAhDHjbUgURN52sODCn21bp0X6s7VNIC/V7IoPImFEU2MkIMDS/vbH4n9dOsX/QyYRKUuSKfS3qp5JiTMdt0Z7QnKEcWQJMC/tXykLQwNB2WrYleL9P/ksudmveXm2/uVc9OpnUMU82yRbZIR6pkyNyRhqkRRi5Iw/kiTw7986j8+K8fo2WnElmg/yA8/EJPh6jGQ==</latexit>

Preferred 
frameAµ

<latexit sha1_base64="TZNTuNTsbOUjMddvyW+IVvN9d00="></latexit>

Q

<latexit sha1_base64="pMKh7iHl6gCRSS8GGl5aZeRkLR4="></latexit>

Y

<latexit sha1_base64="w0BqtAj9QBMm++I18mfd/Y8UyUw="></latexit>

rµ�

<latexit sha1_base64="pPJwZG8tvVezceyotn7Ocdl32nY="></latexit>

AµAµ = �1

<latexit sha1_base64="6vYbr13fMfZeq9PvveiyWQ3g+hU=">AAAB+XicdVDLSsNAFJ3UV62vqEs3g0VwY0hqXy6EVjcuK9gHtDFMptN26OTBzKRQQv/EjQtF3Pon7vwbJ2kEFT1wL4dz7mXuHDdkVEjT/NByK6tr6xv5zcLW9s7unr5/0BFBxDFp44AFvOciQRj1SVtSyUgv5AR5LiNdd3qd+N0Z4YIG/p2ch8T20NinI4qRVJKj6837gRfBppP0S3hmOXrRNC6q55VSFaakZmakXLegZZgpiiBDy9HfB8MARx7xJWZIiL5lhtKOEZcUM7IoDCJBQoSnaEz6ivrII8KO08sX8EQpQzgKuCpfwlT9vhEjT4i556pJD8mJ+O0l4l9eP5Kjuh1TP4wk8fHyoVHEoAxgEgMcUk6wZHNFEOZU3QrxBHGEpQqroEL4+in8n3RKhlU2KrflYuMqiyMPjsAxOAUWqIEGuAEt0AYYzMADeALPWqw9ai/a63I0p2U7h+AHtLdPp2eSZg==</latexit>

Unit-timelike“Magic function”Parameter

C.S. & Zlosnik, PRL 127, 161302 (2021)

Spatial gradients

Time evolution



~r� = ~r'

<latexit sha1_base64="pxMtu/xBzhw4sw4vo/uk/mjy7PI=">AAACEnicdZDLSgMxFIYz9VbrrerSTbAIuikztTcXQtGNywr2Ap1SzqRpG5rJDEmmUIY+gxtfxY0LRdy6cufbmF4EK/pD4Oc753Byfi/kTGnb/rQSK6tr6xvJzdTW9s7uXnr/oK6CSBJaIwEPZNMDRTkTtKaZ5rQZSgq+x2nDG15P640RlYoF4k6PQ9r2oS9YjxHQBnXSZ+6IktgV4HGYYDccMHyJl9kI5BR30hk7e1E8L+SKeGZK9sLkyw52svZMGbRQtZP+cLsBiXwqNOGgVMuxQ92OQWpGOJ2k3EjREMgQ+rRlrACfqnY8O2mCTwzp4l4gzRMaz+jPiRh8pca+Zzp90AP1uzaFf9Vake6V2zETYaSpIPNFvYhjHeBpPrjLJCWaj40BIpn5KyYDkEC0STFlQvi+FP9v6rmsk88WbvOZytUijiQ6QsfoFDmohCroBlVRDRF0jx7RM3qxHqwn69V6m7cmrMXMIVqS9f4FRVed4g==</latexit>

Q ! Q0

<latexit sha1_base64="ZQ3eu4wxv0vWfsDn+e6842IYUjk=">AAACCnicbVBNS8NAEN34WetX1KOX1SJ4KolU9Fj04rEF+wFtCJvtpl262YTdiVJCz178K148KOLVX+DNf+O2jaCtDwYe780wMy9IBNfgOF/W0vLK6tp6YaO4ubW9s2vv7Td1nCrKGjQWsWoHRDPBJWsAB8HaiWIkCgRrBcPrid+6Y0rzWN7CKGFeRPqSh5wSMJJvH2VdSgSujzHuKt4fAFEqvsf4R/Yd3y45ZWcKvEjcnJRQjppvf3Z7MU0jJoEKonXHdRLwMqKAU8HGxW6qWULokPRZx1BJIqa9bPrKGJ8YpYfDWJmSgKfq74mMRFqPosB0RgQGet6biP95nRTCSy/jMkmBSTpbFKYCQ4wnueAeV4yCGBlCqOLmVkwHRBEKJr2iCcGdf3mRNM/KbqV8Xq+Uqld5HAV0iI7RKXLRBaqiG1RDDUTRA3pCL+jVerSerTfrfda6ZOUzB+gPrI9vpqWZmw==</latexit>

Y ! |~r'|2

<latexit sha1_base64="KzCD6Gc44D3Vr66AjgTCiXFU8+o=">AAACFnicbVDLSgNBEJz1GeNr1aOXwSB4MeyGiB6DXjxGMA/JrqF3MkmGzM4uM7ORsMlXePFXvHhQxKt482+cPA6aWNBQVHXT3RXEnCntON/W0vLK6tp6ZiO7ubW9s2vv7VdVlEhCKyTikawHoChnglY005zWY0khDDitBb2rsV/rU6lYJG71IKZ+CB3B2oyANlLTPk09AhzfjTD2JOt0NUgZPeCh16ck9QQEHEZeH2TcZcP7QtPOOXlnArxI3BnJoRnKTfvLa0UkCanQhINSDdeJtZ+C1IxwOsp6iaIxkB50aMNQASFVfjp5a4SPjdLC7UiaEhpP1N8TKYRKDcLAdIagu2reG4v/eY1Ety/8lIk40VSQ6aJ2wrGO8Dgj3GKSEs0HhgCRzNyKSRckEG2SzJoQ3PmXF0m1kHeL+bObYq50OYsjgw7RETpBLjpHJXSNyqiCCHpEz+gVvVlP1ov1bn1MW5es2cwB+gPr8wfSv5/R</latexit>

� = Q0t+ '(~x)

<latexit sha1_base64="6QQYEhSxxjYw5IuMothTWdR+BrU="></latexit>

ds2 = � (1 + 2 ) dt2 + (1� 2�) d~x2

<latexit sha1_base64="vpegbSal5Lnzur6zsqtZVkFAcKE="></latexit>

A0 = 1� 

<latexit sha1_base64="NcefA3OseHLNaHe7UDm36GmWkB4=">AAAB9XicdVDLSsNAFJ3UV62vqks3g0VwY0hqXy6EqhuXFewD2rRMppN26GQSZiZKCf0PNy4Uceu/uPNvnKYRVPTAhcM593LvPW7IqFSW9WFklpZXVtey67mNza3tnfzuXksGkcCkiQMWiI6LJGGUk6aiipFOKAjyXUba7uRq7rfviJA04LdqGhLHRyNOPYqR0lL/om/Bc2jDE9hrSDrIFyzzrHJaLlZgQqpWSko1G9qmlaAAUjQG+ffeMMCRT7jCDEnZta1QOTESimJGZrleJEmI8ASNSFdTjnwinTi5egaPtDKEXiB0cQUT9ftEjHwpp76rO32kxvK3Nxf/8rqR8mpOTHkYKcLxYpEXMagCOI8ADqkgWLGpJggLqm+FeIwEwkoHldMhfH0K/yetommXzPJNqVC/TOPIggNwCI6BDaqgDq5BAzQBBgI8gCfwbNwbj8aL8bpozRjpzD74AePtE+bfkN0=</latexit>

Quasistatic weak-field limit

F (Y,Q) ! J (Y)

<latexit sha1_base64="KcHOc3rFaWZedh3glLlmNLom+Vc="></latexit>

MOND:

J ⇠ Y3/2

a0
⇠ |~r'|3

a0

<latexit sha1_base64="CxELxrH8fugKiiyDA4j+ck3R724="></latexit>

 = �

<latexit sha1_base64="LaZ3Sc+F3y7wOaY3mL4egpGLJJw="></latexit>

Constraint:

Lensing ok

If       correctly given by baryons alone

then


      also gives correct lensing potential 

Field equations

 

<latexit sha1_base64="paBXmzeao8RD23zXMjUkp/LJnw4=">AAAB63icdVDLSsNAFJ3UV62vqks3g0VwFZLal7uiG5cV7APaUCbTSTt0ZhJmJkIJ/QU3LhRx6w+582+cpBFU9MCFwzn3cu89fsSo0o7zYRXW1jc2t4rbpZ3dvf2D8uFRT4WxxKSLQxbKgY8UYVSQrqaakUEkCeI+I31/fp36/XsiFQ3FnV5ExONoKmhAMdKpNOooOi5XHPuycVGvNmBGmk5Oai0XuraToQJydMbl99EkxDEnQmOGlBq6TqS9BElNMSPL0ihWJEJ4jqZkaKhAnCgvyW5dwjOjTGAQSlNCw0z9PpEgrtSC+6aTIz1Tv71U/MsbxjpoeQkVUayJwKtFQcygDmH6OJxQSbBmC0MQltTcCvEMSYS1iadkQvj6FP5PelXbrdn121qlfZXHUQQn4BScAxc0QRvcgA7oAgxm4AE8gWeLW4/Wi/W6ai1Y+cwx+AHr7RN8246P</latexit>

 

<latexit sha1_base64="paBXmzeao8RD23zXMjUkp/LJnw4=">AAAB63icdVDLSsNAFJ3UV62vqks3g0VwFZLal7uiG5cV7APaUCbTSTt0ZhJmJkIJ/QU3LhRx6w+582+cpBFU9MCFwzn3cu89fsSo0o7zYRXW1jc2t4rbpZ3dvf2D8uFRT4WxxKSLQxbKgY8UYVSQrqaakUEkCeI+I31/fp36/XsiFQ3FnV5ExONoKmhAMdKpNOooOi5XHPuycVGvNmBGmk5Oai0XuraToQJydMbl99EkxDEnQmOGlBq6TqS9BElNMSPL0ihWJEJ4jqZkaKhAnCgvyW5dwjOjTGAQSlNCw0z9PpEgrtSC+6aTIz1Tv71U/MsbxjpoeQkVUayJwKtFQcygDmH6OJxQSbBmC0MQltTcCvEMSYS1iadkQvj6FP5PelXbrdn121qlfZXHUQQn4BScAxc0QRvcgA7oAgxm4AE8gWeLW4/Wi/W6ai1Y+cwx+AHr7RN8246P</latexit>

Ai ! Ai � ~ri⇠T

<latexit sha1_base64="+I8kuLv5AghAO9DTKNXwZDNpnd4="></latexit>

' ! '+Q0⇠T

<latexit sha1_base64="bD7fAnpOhg/LM67e6MDPx2nYI6U="></latexit>

Symmetry:

Ignoring curl, set Ai = 0

<latexit sha1_base64="GOEjZLGjo90YjDhCIZPqCzWUdx4=">AAAB7nicdVDJSgNBEK2JW4xb1KOXxiB4GmZiNg9C1IvHCGaBZAg9nZ6kSc9Cd48QhnyEFw+KePV7vPk3diYjqOiDgsd7VVTVcyPOpLKsDyO3srq2vpHfLGxt7+zuFfcPOjKMBaFtEvJQ9FwsKWcBbSumOO1FgmLf5bTrTq8XfveeCsnC4E7NIur4eBwwjxGstNS9HDJ0gaxhsWSZ57WzarmGUlK3MlJp2Mg2rRQlyNAaFt8Ho5DEPg0U4VjKvm1FykmwUIxwOi8MYkkjTKZ4TPuaBtin0knSc+foRCsj5IVCV6BQqn6fSLAv5cx3daeP1UT+9hbiX14/Vl7DSVgQxYoGZLnIizlSIVr8jkZMUKL4TBNMBNO3IjLBAhOlEyroEL4+Rf+TTtm0K2b1tlJqXmVx5OEIjuEUbKhDE26gBW0gMIUHeIJnIzIejRfjddmaM7KZQ/gB4+0TNT6O2w==</latexit>

⇠̇T = 0

<latexit sha1_base64="HemrQ9LjyTKiawM/w/h6uhJVZsE=">AAAB9HicdVDLSgMxFL3js9ZX1aWbYBFcDTO1LxdC0Y3LCn1BO5RMmrahmYdJpliGfocbF4q49WPc+Tem0xFU9EDgcM493JvjhpxJZVkfxsrq2vrGZmYru72zu7efOzhsySAShDZJwAPRcbGknPm0qZjitBMKij2X07Y7uV747SkVkgV+Q81C6nh45LMhI1hpyekNAhX37tm837i0+rm8ZV6Uz0uFMkpIxUpJsWoj27QS5CFFvZ9713kSedRXhGMpu7YVKifGQjHC6TzbiyQNMZngEe1q6mOPSidOjp6jU60M0DAQ+vkKJer3RIw9KWeeqyc9rMbyt7cQ//K6kRpWnZj5YaSoT5aLhhFHKkCLBtCACUoUn2mCiWD6VkTGWGCidE9ZXcLXT9H/pFUw7aJZui3ma1dpHRk4hhM4AxsqUIMbqEMTCNzBAzzBszE1Ho0X43U5umKkmSP4AePtEx2Uklk=</latexit>



µ2 =
2K2

2�KB
Q2

0

<latexit sha1_base64="rJjBTN7x6Vl1FcQIuMPbMyhNiO8="></latexit>

~r2 (�� ') = ~r ·
✓
dJ
dY

~r'

◆

<latexit sha1_base64="bb6r7a/QUTGX2D9/kTCbVaNCpmo="></latexit>

~r2 (�� ') + µ2� =
8⇡G̃

2�KB
⇢

<latexit sha1_base64="vo1ygPK0ougQiBr9sSU/hBc0cTg="></latexit>

Galaxies ok

Newton (GR)

?

J (Y)

<latexit sha1_base64="3PNaeFmij4ba/y7UYb0e9XzhQm4="></latexit>

! (2�KB)�sY

<latexit sha1_base64="D2a65Rz9uF5maWVcKwD32lfz23I="></latexit>

MOND

! Y3/2

a0
=

|~r'|3

a0

<latexit sha1_base64="Ye422zaFWpgvq2YRqIrrMla2Hps="></latexit>

J (Y)

<latexit sha1_base64="3PNaeFmij4ba/y7UYb0e9XzhQm4="></latexit>

µ�1 & Mpc

<latexit sha1_base64="KTKruQSPfEkJ2uF2OARvx+bVpKA="></latexit>

�
µ . 6⇥ 10�30eV

�

<latexit sha1_base64="SGNSQkpKRcQaXbT0ctndYJp9Ssw="></latexit>

rC ⇠
✓
rM
µ2

◆1/3

<latexit sha1_base64="ab2qWwxaloLHegsfRtyolpGtLXI="></latexit>

rM ⇠
r

GM

a0

<latexit sha1_base64="ceT65dDq7bVsuUV9TpCZjn2dx0U="></latexit>

Quasistatic weak-field limit

Produced by A. Durakovic

 regimeµ

<latexit sha1_base64="VcocTnj16BNQzs21sCszgk0ZXnI=">AAAB6nicbVBNSwMxEJ3Ur1q/qh69BIvgqexKRY9FLx4r2g9ol5JNs21okl2SrFCW/gQvHhTx6i/y5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61TJxqypo0FrHuhMQwwRVrWm4F6ySaERkK1g7HtzO//cS04bF6tJOEBZIMFY84JdZJDz2Z9ssVr+rNgVeJn5MK5Gj0y1+9QUxTyZSlghjT9b3EBhnRllPBpqVealhC6JgMWddRRSQzQTY/dYrPnDLAUaxdKYvn6u+JjEhjJjJ0nZLYkVn2ZuJ/Xje10XWQcZWklim6WBSlAtsYz/7GA64ZtWLiCKGau1sxHRFNqHXplFwI/vLLq6R1UfVr1cv7WqV+k8dRhBM4hXPw4QrqcAcNaAKFITzDK7whgV7QO/pYtBZQPnMMf4A+fwBf9o3e</latexit>



� = �̄(t)

<latexit sha1_base64="JnyhrRLyRPd0k6T0Nd3+sRGJucI="></latexit>

A0 ! 1

<latexit sha1_base64="e3lM1ehGMfsmTRQJZ9MrbyxIQ58="></latexit>

ds2 = �dt2 + a2d~x2

<latexit sha1_base64="FgkKQ2mjb80H7LeNWXCeQKOqUg4="></latexit>

Y = 0

<latexit sha1_base64="CcwKpTw1rPVRwxbhV0ID9lbG6d8="></latexit>

Q = Q(t)

<latexit sha1_base64="PcK+DQfSkoGhD56bL6XfnzbwCL4="></latexit>

F (Y,Q) ! �2K(Q)

<latexit sha1_base64="jzENnzjUTIOC+aNg++mUxOIVYGA="></latexit>

(K-essence)

FLRW cosmology

Q

<latexit sha1_base64="4gMfz3zHCjLKY6kGfDLWY4DMu/s=">AAAB8HicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoseiF48t2A9pl5JNs21okl2SrFCW/govHhTx6s/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61TJxqypo0FrHuhMQwwRVrWm4F6ySaERkK1g7HdzO//cS04bF6sJOEBZIMFY84JdZJj1mPEoEbU9wvV7yqNwdeJX5OKpCj3i9/9QYxTSVTlgpiTNf3EhtkRFtOBZuWeqlhCaFjMmRdRxWRzATZ/OApPnPKAEexdqUsnqu/JzIijZnI0HVKYkdm2ZuJ/3nd1EY3QcZVklqm6GJRlApsYzz7Hg+4ZtSKiSOEau5uxXRENKHWZVRyIfjLL6+S1kXVv6xeNS4rtds8jiKcwCmcgw/XUIN7qEMTKEh4hld4Qxq9oHf0sWgtoHzmGP4Aff4AFDmP8Q==</latexit>

Q0

<latexit sha1_base64="IA3YS437a6NmwuxMP4mYm8MKAXo=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cW7Ae2oWy2m3bpZhN2J0IJ/RdePCji1X/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GdzO//cS1EbF6wEnC/YgOlQgFo2ilx6zHqCSNad/tlytu1Z2DrBIvJxXIUe+Xv3qDmKURV8gkNabruQn6GdUomOTTUi81PKFsTIe8a6miETd+Nr94Ss6sMiBhrG0pJHP190RGI2MmUWA7I4ojs+zNxP+8borhjZ8JlaTIFVssClNJMCaz98lAaM5QTiyhTAt7K2EjqilDG1LJhuAtv7xKWhdV77J61bis1G7zOIpwAqdwDh5cQw3uoQ5NYKDgGV7hzTHOi/PufCxaC04+cwx/4Hz+AOS9kGo=</latexit>

K(Q)

<latexit sha1_base64="K7B72JsYehEzFQv72Sfp77xYrfo=">AAAB+3icbZDLSsNAFIZPvNZ6i3XpZrAIdVMSqeiy6EZw04K9QBvKZDpph04mYWYilpBXceNCEbe+iDvfxmmbhbb+MPDxn3M4Z34/5kxpx/m21tY3Nre2CzvF3b39g0P7qNRWUSIJbZGIR7LrY0U5E7Slmea0G0uKQ5/Tjj+5ndU7j1QqFokHPY2pF+KRYAEjWBtrYJfSPsEc3WeVBTSz84FddqrOXGgV3BzKkKsxsL/6w4gkIRWacKxUz3Vi7aVYakY4zYr9RNEYkwke0Z5BgUOqvHR+e4bOjDNEQSTNExrN3d8TKQ6Vmoa+6QyxHqvl2sz8r9ZLdHDtpUzEiaaCLBYFCUc6QrMg0JBJSjSfGsBEMnMrImMsMdEmrqIJwV3+8iq0L6purXrZrJXrN3kcBTiBU6iAC1dQhztoQAsIPMEzvMKblVkv1rv1sWhds/KZY/gj6/MHv4aTnA==</latexit>

“Higgs phase” for gravity

ParameterParameterParameterParameter

K(Q) = K2 (Q�Q0)
2 + . . .

<latexit sha1_base64="o+F3ZU1iyr9//NRaac9cvKeJN0c="></latexit>

FLRW Limit of Ghost condensate
Arkani-Hamed et al., JHEP 05, 074 (2004)

New scalar dof mixing with metric:
� = Q0t+ '

<latexit sha1_base64="GfvuMOREcnV7lq45JhRu1rzhpDc="></latexit>

h00 ! h00 � 2⇠̇

<latexit sha1_base64="3gx3b9qSV5z58XyF76fINqW0HkM="></latexit>

' ! '+Q0⇠

<latexit sha1_base64="UPRrp5i0/H4NGq8Nj96RG/PQaSk="></latexit>

Scherrer, Phys.Rev.Lett. 93, 011301 (2004)

Shift-symmetric k-essence:

Spontaneous breaking of Lorentz symmetry: Massive fields generated

⇤

<latexit sha1_base64="iwdonubZYeOSkX8wciJGVsiL4RU=">AAAB7nicdVDLSsNAFL3xWeur6tLNYBFchaT25a7oxoWLCvYBbSiTyaQdOnkwMxFK6Ee4caGIW7/HnX/jNI2gogcGDuecy9x73JgzqSzrw1hZXVvf2CxsFbd3dvf2SweHXRklgtAOiXgk+i6WlLOQdhRTnPZjQXHgctpzp1cLv3dPhWRReKdmMXUCPA6ZzwhWWuoNb3TUw6NS2TIv6ue1Sh1lpGHlpNq0kW1aGcqQoz0qvQ+9iCQBDRXhWMqBbcXKSbFQjHA6Lw4TSWNMpnhMB5qGOKDSSbN15+hUKx7yI6FfqFCmfp9IcSDlLHB1MsBqIn97C/Evb5Aov+mkLIwTRUOy/MhPOFIRWtyOPCYoUXymCSaC6V0RmWCBidINFXUJX5ei/0m3YtpVs3ZbLbcu8zoKcAwncAY2NKAF19CGDhCYwgM8wbMRG4/Gi/G6jK4Y+cwR/IDx9gmVAY/C</latexit>

CDM



Higgs phase: “effective dust”

⇢ =
Q0I0
a3

+ . . .

<latexit sha1_base64="EbnzN4CEodComcNbEPQlm6DF8II=">AAACDHicbVDLSgMxFM34rPVVdekmWARBKDNa0Y1QdKO7FuwDOuOQSTNtaCYZkoxQhvkAN/6KGxeKuPUD3Pk3pu0stPVA4HDOudzcE8SMKm3b39bC4tLyymphrbi+sbm1XdrZbSmRSEyaWDAhOwFShFFOmppqRjqxJCgKGGkHw+ux334gUlHB7/QoJl6E+pyGFCNtJL9UduVAwEvohhLhtOHb8Na3sxTdn2bwGLqsJ7QyKbtiTwDniZOTMshR90tfbk/gJCJcY4aU6jp2rL0USU0xI1nRTRSJER6iPukaylFElJdOjsngoVF6MBTSPK7hRP09kaJIqVEUmGSE9EDNemPxP6+b6PDCSymPE004ni4KEwa1gONmYI9KgjUbGYKwpOavEA+QqUWb/oqmBGf25HnSOqk41cpZo1quXeV1FMA+OABHwAHnoAZuQB00AQaP4Bm8gjfryXqx3q2PaXTBymf2wB9Ynz8vXJnS</latexit>

w =
w0

a3
+ . . .

<latexit sha1_base64="rf72/A/+KT9/Jma03Nk+3bPkF5M=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBZBEEqiFd0IRTcuK9gHNDFMppN26GQSZiaWErJx46+4caGIW//BnX/jtM1CWw9cOJxzL/fe48eMSmVZ30ZhYXFpeaW4Wlpb39jcMrd3mjJKBCYNHLFItH0kCaOcNBRVjLRjQVDoM9LyB9djv/VAhKQRv1OjmLgh6nEaUIyUljxzfwgvoRMIhNOhZ2Upuj/N4DF0WDdS0jPLVsWaAM4TOydlkKPumV9ON8JJSLjCDEnZsa1YuSkSimJGspKTSBIjPEA90tGUo5BIN518kcFDrXRhEAldXMGJ+nsiRaGUo9DXnSFSfTnrjcX/vE6iggs3pTxOFOF4uihIGFQRHEcCu1QQrNhIE4QF1bdC3Ec6EqWDK+kQ7NmX50nzpGJXK2e31XLtKo+jCPbAATgCNjgHNXAD6qABMHgEz+AVvBlPxovxbnxMWwtGPrML/sD4/AHc95eM</latexit>

c2ad =
2w0

a3
+ . . .

<latexit sha1_base64="7PdFi+FYFTuZpo7yzR2ZfroYX6s="></latexit>

Adiabatic sound speed

Equation of state

Density

w
<latexit sha1_base64="cSyv9YbtBBjGzYMVCE6J3x+Rv5M="></latexit>

a
<latexit sha1_base64="vEzRwqUQAsmmwrKT7CChL2cMtiU="></latexit>

Equation of state w(t)

“Higgs phase” 

Late region: Universal
K = �2⇤+K2(Q̄�Q0)

2 + . . .

<latexit sha1_base64="pAZ7Zpl4sGRJlN+fgkqZiBmixGw="></latexit>

Early region: depends on form of K(Q̄)

<latexit sha1_base64="Iw1Qa4Xtb/a29uuwXgdZY2hOHRI="></latexit>

FLRW cosmology Initial condition

EOM: ) ˙̄� = Q0 +
I0/2K2

a3

<latexit sha1_base64="PH8TETHHUYssI44/Hzg67E950E0="></latexit>

d

dt

✓
a3

dK
dQ

◆
= 0

<latexit sha1_base64="DQfn/DZd8MABoJl0YfL8CfmFcCg="></latexit>



10°14 10°12 10°10 10°8 10°6 10°4 10°2 100

10°16

10°14

10°12

10°10

10°8

10°6

10°4

10°2

100

RecombinationEqualityBBN

Data: wrec . 10�4

<latexit sha1_base64="mgAV0RM6MOedv4kQOzEtHawyEkk="></latexit>

wrec ⇠ O(1)

<latexit sha1_base64="cCU4TLIhs5l7i9iY3KHRsNvmNVU="></latexit>

Higgs phase:

w ⇡ w0

a3
+ . . .

<latexit sha1_base64="0YvENOVDiD62JFqUrT5Bg3PRKBg="></latexit>

w0 =
3H2

0⌦Q
4Q2

0K2
=

3H2
0⌦Q

2(2�KB)µ2

<latexit sha1_base64="cPlRoB+s48ICNjAjTTEUsBI97IQ="></latexit>

w0 & 10�8

<latexit sha1_base64="1JJbv/EwIFNY60ROaHJDBuqF4xY="></latexit>

µ�1 & Mpc

<latexit sha1_base64="KTKruQSPfEkJ2uF2OARvx+bVpKA="></latexit>

µ2 =
2K2

2�KB
Q2

0

<latexit sha1_base64="rJjBTN7x6Vl1FcQIuMPbMyhNiO8="></latexit>

MOND compatibility

Higgs-like

Cosh

Exp K ⇠ e

⇣
Q�Q0

Z0

⌘2

<latexit sha1_base64="oZw4x4JpCR/7HKafUSBS3H6XctU="></latexit>

K ⇠ cosh

✓
Q�Q0

Z0

◆

<latexit sha1_base64="Goxz33UmKfrgRbRE+6+u4dk9P8g="></latexit>

K ⇠
�
Q2 �Q2

0

�2

<latexit sha1_base64="8jYYh35A0D76W2wlpNs0Xs5CCaU="></latexit>

FLRW cosmology



� = �̄+ '

<latexit sha1_base64="4QnFsWirXm7zp3WRFA4mMvQSDfU="></latexit>

Ai = ~ri↵

<latexit sha1_base64="aPlQt4o3sC2aVRAqVts2eYq7MJM="></latexit>

� =
1 + w
˙̄�c2ad

� +
1

8⇡Ga2⇢̄
~r2 [KBE + (2�KB)�]

<latexit sha1_base64="zlHDTNNElviZzZMEd/X3XNXYgPs="></latexit>

✓ =
'
˙̄�

<latexit sha1_base64="iPwkMCcfEj6qvMb2ba8DiLL0uh8="></latexit>

⇧ = c2ad� �
c2ad

8⇡Ga2⇢̄
~r2 [KBE + (2�KB)�]

<latexit sha1_base64="DckhwaWCkYDk8aFLMbUFOTlVmDc="></latexit>

Density contrast

Velocity divergence

Pressure contrast

� = '+ ˙̄�↵

<latexit sha1_base64="HbmRcK0/75CtBKLJ/Q5hd5C+m8g="></latexit>

� = '̇� ˙̄� 

<latexit sha1_base64="brxrVpw3Ahq3gdETbUf5e3fvz1w="></latexit>

E = ↵̇+ 

<latexit sha1_base64="D8PiekwFUeZOELW/9jMHmsDWxL4="></latexit>

✓̇ =3c2adH✓ +
⇧

1 + w
+ 

<latexit sha1_base64="//4NHrPyS5+NkDsBu9BJtF+uMd4="></latexit>

�̇ =3H (w� �⇧) + (1 + w)

✓
3�̇� k

2

a2
✓

◆

<latexit sha1_base64="hHXU2KdpUQRD/YK2WpE67AExQhw="></latexit>

Fluid-like

KB

⇣
Ė +HE

⌘
=
dK
dQ�� (2�KB)

 ˙̄
�

1 + w
⇧+

⇣
H + ˙̄

�

⌘
�� 3c2adH

˙̄
�↵

�

<latexit sha1_base64="HYI39BrOOHbbFy5c7+2wT1xb2/8="></latexit>

Field

KB

⇣
Ė +HE

⌘
⇡


3H2

0⌦0Q
a3

� (2�KB)HQ0

�
(✓ + ↵)

<latexit sha1_base64="yNdiwz2u57Srg98s3FxDQZPQqj4="></latexit>

cad ! 0

<latexit sha1_base64="zwb4ygEHz60fpkRIu2R4OIeOIRA="></latexit>

w ! 0

<latexit sha1_base64="GPEMXmr+oqPBlX55BE4nNW7pcSU="></latexit>

CDM-like

✓̇ ⇡ 

<latexit sha1_base64="5VnAZo0Hz83fyojPxu8QpkQHR44="></latexit>

�̇ ⇡3�̇� k2

a2
✓

<latexit sha1_base64="UNEUAtl3VEZ362PGhQyyqhYHEW0="></latexit>

Field (decoupled)

FLRW + Perturbations
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SDSS DR7 LRG

(MCMC pending)

AeST parameters:

KB

<latexit sha1_base64="6EKWmeQ1hafXWfrQtlHIWmRrUOs="></latexit>

Q0

<latexit sha1_base64="c9J3ijOTUSCVGI6OJOwJKqVsllY="></latexit>

K2

<latexit sha1_base64="9YbGNbKN7TwhtgvJidSNYMaQ79M="></latexit>

Initial condition: I0 ! ⇢0c

<latexit sha1_base64="Px3Oc9PgOmD+t4qNrWySmlRfLNA="></latexit>



FluctuationsBackground

Gravity vs. Matter fields: on Minkowski

~ri� = ~ri'

<latexit sha1_base64="/CGnT1vopcZ2MZZLizWfkOocKgs="></latexit>

�̇ = Q0 + '̇

<latexit sha1_base64="CedrZr7WqINwDCnO1UxeHOeAIK4="></latexit>

A0 = �1 +
1

2
h00

<latexit sha1_base64="fNbT1MWOLcv08RVcM8jrt3TLIwI="></latexit>

gµ⌫ = ⌘µ⌫ � hµ⌫

<latexit sha1_base64="kg8liSd94ViLFoE0QZprzy3G1cE="></latexit>

Gauge transformations

hµ⌫ ! hµ⌫ + @µ⇠⌫ + @⌫⇠µ

<latexit sha1_base64="lEBTQPrckhqWjK5XDnjWfv15mys="></latexit>

N.B.

Dark fields (e.g. DM)

No mixing with hµ⌫

<latexit sha1_base64="K/CA4QUyeLr2WuMyLRm+CD2/1HI="></latexit>

� ! �

<latexit sha1_base64="3L5CW8QEgpKpPc2UeCAM8lxqWH4="></latexit>

(e.g. ghost 
condensate)

(e.g. gauged ghost 
condensate)

Ai = Âi

<latexit sha1_base64="wA2vJuT+LgdEn6Fg5VnMqdVimeI="></latexit>

Âi ! Âi + ~ri⇠0

<latexit sha1_base64="C6KSRj9DVd729KiS2R00XBtpnug="></latexit>

' ! '�Q0⇠0

<latexit sha1_base64="wFiIciyeYLrVZlz0IHP6uXfoI5k="></latexit>

Mix

hµ⌫

<latexit sha1_base64="Ph1VIBXu6pKHKE/jYQUiFuK9j8g="></latexit>

Âi

<latexit sha1_base64="DLkWzO7bSbBMNPD1s2vl8PlfeeE="></latexit>

'

<latexit sha1_base64="oVLEPI0EqkwbZDnuI0JzK4/aE/4="></latexit>

 C.S. & Zlosnik, arXiv:2109.13287



Quadratic action on Minkowski

Gauge Invariant terms

S =

Z
d4x

⇢
� 1

2
@µh@⌫h

µ⌫ +
1

4
@⇢h@

⇢h+
1
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µ⇢@⌫h
⌫
⇢ �

1

4
@⇢hµ⌫@⇢hµ⌫ +KB | ~̇̂A� 1

2
~rh00|2

+ (2�KB)


2( ~̇̂A� 1

2
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~̂A)� (1 + �s)|~r'+Q0
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�
+ 2K2

����'̇+
1
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Q0h

00

����
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+
1

M̃2
p

Tµ⌫h
µ⌫

�

<latexit sha1_base64="sUjFzKYOF0PbbYE4BkCKY7M83fQ="></latexit>

�2KB
~r[iÂj]

~r[iÂj]

<latexit sha1_base64="+ImNaShStxkRrgejbzmFXnMNZpo="></latexit>

Tensor mode graviton cT = 1
<latexit sha1_base64="WerH26BUj7dDCFlVwDBOjQO7vpQ="></latexit>

hµ⌫

<latexit sha1_base64="Ph1VIBXu6pKHKE/jYQUiFuK9j8g="></latexit>

Âi

<latexit sha1_base64="DLkWzO7bSbBMNPD1s2vl8PlfeeE="></latexit>

'

<latexit sha1_base64="oVLEPI0EqkwbZDnuI0JzK4/aE/4="></latexit>

Mixing: genuine modification of gravity

 C.S. & Zlosnik, arXiv:2109.13287
C.S. & Zlosnik, PRL 127, 161302 (2021)

h00 ! h00 � 2⇠̇T

<latexit sha1_base64="U/RnXb4aZ1A7cV+vpwI+cYurBn8=">AAACEnicdVC7SgNBFJ31GeNr1dJmMAhaGHZjXnZBG8sIeUESltnJJBky+2DmrhqWfIONv2JjoYitlZ1/4yRZQUUPDBzOuYc797ih4Aos68NYWFxaXllNraXXNza3ts2d3YYKIklZnQYikC2XKCa4z+rAQbBWKBnxXMGa7uhi6jevmVQ88GswDlnXIwOf9zkloCXHPB46sWVNcEfywRCIlMENTqQTnMOdXgBx55ZPnJpjZqzsWfG0kCviGSlZCcmXbWxnrRkyKEHVMd91mkYe84EKolTbtkLoxkQCp4JN0p1IsZDQERmwtqY+8ZjqxrOTJvhQKz3cD6R+PuCZ+j0RE0+psefqSY/AUP32puJfXjuCfrkbcz+MgPl0vqgfCQwBnvaDe1wyCmKsCaGS679iOiSSUNAtpnUJX5fi/0kjl7Xz2cJVPlM5T+pIoX10gI6QjUqogi5RFdURRXfoAT2hZ+PeeDRejNf56IKRZPbQDxhvn/1dnRc=</latexit>

h0i ! h0i + ⇠̇i � ~ri⇠T

<latexit sha1_base64="ZXgwhvxySrf80POuLPAIRNumFw0="></latexit>

hij ! hij + ~ri⇠j + ~rj⇠i

<latexit sha1_base64="SfEOtEZlUKmlgzoRvzj2UfCj6TU="></latexit>

Ai ! Ai � ~ri⇠T

<latexit sha1_base64="+I8kuLv5AghAO9DTKNXwZDNpnd4="></latexit>

' ! '+Q0⇠T

<latexit sha1_base64="bD7fAnpOhg/LM67e6MDPx2nYI6U="></latexit>

h00 ! h00 � 2⇠̇T

<latexit sha1_base64="U/RnXb4aZ1A7cV+vpwI+cYurBn8=">AAACEnicdVC7SgNBFJ31GeNr1dJmMAhaGHZjXnZBG8sIeUESltnJJBky+2DmrhqWfIONv2JjoYitlZ1/4yRZQUUPDBzOuYc797ih4Aos68NYWFxaXllNraXXNza3ts2d3YYKIklZnQYikC2XKCa4z+rAQbBWKBnxXMGa7uhi6jevmVQ88GswDlnXIwOf9zkloCXHPB46sWVNcEfywRCIlMENTqQTnMOdXgBx55ZPnJpjZqzsWfG0kCviGSlZCcmXbWxnrRkyKEHVMd91mkYe84EKolTbtkLoxkQCp4JN0p1IsZDQERmwtqY+8ZjqxrOTJvhQKz3cD6R+PuCZ+j0RE0+psefqSY/AUP32puJfXjuCfrkbcz+MgPl0vqgfCQwBnvaDe1wyCmKsCaGS679iOiSSUNAtpnUJX5fi/0kjl7Xz2cJVPlM5T+pIoX10gI6QjUqogi5RFdURRXfoAT2hZ+PeeDRejNf56IKRZPbQDxhvn/1dnRc=</latexit>

Emergent symmetry for static fields:

� ⌘ '+Q0↵

<latexit sha1_base64="RuWiToPsQ20xraFKGQuFjASOHeQ="></latexit>

~A = ~r↵+ ~r⇥ ~�

<latexit sha1_base64="NUe8+Wv2vqDG/MBni1Yi67qo7hs="></latexit>

Only Relevant



Normal modes  C.S. & Zlosnik, arXiv:2109.13287
C.S. & Zlosnik, PRL 127, 161302 (2021)

M2 =
2�KB

KB
(1 + �s)Q2

0

<latexit sha1_base64="QE9zJSJa9psSbz71Z/JN3fXDHMs="></latexit>

Tensor modes 
(as in GR)

Vector modes:

Scalar modes: !2 = c2sk
2 +M2

<latexit sha1_base64="VvH1M0AE2lbLMTsUmtjiDPw205o=">AAACCnicdVDLSgMxFM3UV62vUZduokUQhGFm7MuFUHTjRqhgH9DHkEnTNjTzIMkIZejajb/ixoUibv0Cd/6N6XQEFT1wyeGce7m5xw0ZFdI0P7TMwuLS8kp2Nbe2vrG5pW/vNEQQcUzqOGABb7lIEEZ9UpdUMtIKOUGey0jTHV/M/OYt4YIG/o2chKTroaFPBxQjqSRH3+8EHhming3PIHaEeseqjmHcwYjBq2nPdvS8aZyWTop2CSakbKakULGgZZgJ8iBFzdHfO/0ARx7xJWZIiLZlhrIbIy4pZmSa60SChAiP0ZC0FfWRR0Q3Tk6ZwkOl9OEg4Kp8CRP1+0SMPCEmnqs6PSRH4rc3E//y2pEcVLox9cNIEh/PFw0iBmUAZ7nAPuUESzZRBGFO1V8hHiGOsFTp5VQIX5fC/0nDNqyCUbwu5KvnaRxZsAcOwBGwQBlUwSWogTrA4A48gCfwrN1rj9qL9jpvzWjpzC74Ae3tEwMhmJg=</latexit>

c2s =
2�KB

K2KB

✓
1 +

KB

2
�s

◆

<latexit sha1_base64="5SR01pcO8kuatRsVU/RLnDnXmzQ="></latexit>

!2 = 0

<latexit sha1_base64="fxv4Hjhkj54J+uas2duFJZw5pz4=">AAAB83icdVDLSgMxFM3UV62vqks3wSK4GmZqXy6EohuXFewDOmPJpGkbmkmGJCOUob/hxoUibv0Zd/6N6XQEFT1w4XDOvdx7TxAxqrTjfFi5ldW19Y38ZmFre2d3r7h/0FEilpi0sWBC9gKkCKOctDXVjPQiSVAYMNINplcLv3tPpKKC3+pZRPwQjTkdUYy0kTxPhGSM7srwAjqDYsmxz2tn1XINpqTuZKTScKFrOylKIENrUHz3hgLHIeEaM6RU33Ui7SdIaooZmRe8WJEI4Skak76hHIVE+Ul68xyeGGUIR0Ka4hqm6veJBIVKzcLAdIZIT9RvbyH+5fVjPWr4CeVRrAnHy0WjmEEt4CIAOKSSYM1mhiAsqbkV4gmSCGsTU8GE8PUp/J90yrZbsas3lVLzMosjD47AMTgFLqiDJrgGLdAGGETgATyBZyu2Hq0X63XZmrOymUPwA9bbJ+nWkPk=</latexit>

!2 = k2 +M2

<latexit sha1_base64="Ws5TZuSDptyAi15e3vWiydqt0ws=">AAACBHicdVDLSgMxFM3UV62vqstugkUQhGFm7MuFUHTjRqhgH9CZlkyaaUMzD5KMUIYu3Pgrblwo4taPcOffmLYjqOiBezmccy/JPW7EqJCG8aFllpZXVtey67mNza3tnfzuXkuEMcekiUMW8o6LBGE0IE1JJSOdiBPku4y03fHFzG/fEi5oGNzISUQcHw0D6lGMpJL6+YId+mSIehY8g2PVj2FiY8Tg1bRn9fNFQz+tnJStCpyTqpGSUs2Epm7MUQQpGv38uz0IceyTQGKGhOiaRiSdBHFJMSPTnB0LEiE8RkPSVTRAPhFOMj9iCg+VMoBeyFUFEs7V7xsJ8oWY+K6a9JEcid/eTPzL68bSqzkJDaJYkgAvHvJiBmUIZ4nAAeUESzZRBGFO1V8hHiGOsFS55VQIX5fC/0nL0s2SXr4uFevnaRxZUAAH4AiYoArq4BI0QBNgcAcewBN41u61R+1Fe12MZrR0Zx/8gPb2CQu7lnc=</latexit>

!2 = k2

<latexit sha1_base64="krkIa/XXmC6WTtthCtUOKv+yWnQ=">AAAB+XicdVDLSgMxFM34rPU16tJNsAiuhpnalwuh6MZlBfuAdiyZNG1DM8mQZApl6J+4caGIW//EnX9jOh1BRQ/cy+Gce8nNCSJGlXbdD2tldW19YzO3ld/e2d3btw8OW0rEEpMmFkzIToAUYZSTpqaakU4kCQoDRtrB5Hrht6dEKir4nZ5FxA/RiNMhxUgbqW/bPRGSEbovwks4MR327YLrXFTOy8UKTEnVzUip5kHPcVMUQIZG337vDQSOQ8I1ZkiprudG2k+Q1BQzMs/3YkUihCdoRLqGchQS5Sfp5XN4apQBHAppimuYqt83EhQqNQsDMxkiPVa/vYX4l9eN9bDmJ5RHsSYcLx8axgxqARcxwAGVBGs2MwRhSc2tEI+RRFibsPImhK+fwv9Jq+h4Jad8WyrUr7I4cuAYnIAz4IEqqIMb0ABNgMEUPIAn8Gwl1qP1Yr0uR1esbOcI/ID19gmbiZJd</latexit>

(Non-propagating)

Positive Hamiltonian

Positive Hamiltonian

Linear instabilityNegative Hamiltonian
(Cosmology?)

k > µ(⇠ Mpc�1or smaller)

<latexit sha1_base64="MQAo/0UuFaF+g2Thly7lVd1BHQ4="></latexit>

k < µ

<latexit sha1_base64="Gvc3y2LRjvj08kT75d5u/YxZIMs=">AAAB7nicdVDLSsNAFJ34rPVVdelmsAiuQlL7ElwU3bisYB/QhjKZTtohM5MwMxFK6Ee4caGIW7/HnX/jNI2gogcuHM65l3vv8WNGlXacD2tldW19Y7OwVdze2d3bLx0cdlWUSEw6OGKR7PtIEUYF6WiqGenHkiDuM9Lzw+uF37snUtFI3OlZTDyOJoIGFCNtpF4IL4c8gaNS2bEv6ue1Sh1mpOHkpNp0oWs7GcogR3tUeh+OI5xwIjRmSKmB68TaS5HUFDMyLw4TRWKEQzQhA0MF4kR5aXbuHJ4aZQyDSJoSGmbq94kUcaVm3DedHOmp+u0txL+8QaKDppdSESeaCLxcFCQM6ggufodjKgnWbGYIwpKaWyGeIomwNgkVTQhfn8L/Sbdiu1W7dlstt67yOArgGJyAM+CCBmiBG9AGHYBBCB7AE3i2YuvRerFel60rVj5zBH7AevsE3fCPSg==</latexit>

0 < KB < 2

<latexit sha1_base64="9Idrpd8G6KjQJqyACa2+yGVxny0=">AAAB8nicdVDLSgMxFM3UV62vqks3wSK4GmaGlrbgotSN4KaCfcB0KJk004ZmkiHJCGXoZ7hxoYhbv8adf2P6oKjogYTDOfdy7z1hwqjSjvNp5TY2t7Z38ruFvf2Dw6Pi8UlHiVRi0saCCdkLkSKMctLWVDPSSyRBcchIN5xcz/3uA5GKCn6vpwkJYjTiNKIYaSP5DryCt4Om+b1BseTYdbdS9arQtZ0FoGN7NbfuuWulBFZoDYof/aHAaUy4xgwp5btOooMMSU0xI7NCP1UkQXiCRsQ3lKOYqCBbrDyDF0YZwkhI87iGC/V7R4ZipaZxaCpjpMfqtzcX//L8VEe1IKM8STXheDkoShnUAs7vh0MqCdZsagjCkppdIR4jibA2KRVMCOvb/ycdz3bLduWuXGo0V3HkwRk4B5fABVXQADegBdoAAwEewTN4sbT1ZL1ab8vSnLXqOQU/YL1/AXHjj20=</latexit>

�s > 0

<latexit sha1_base64="0XPUpRDM5Wl4SVysCn9RmNe9iJQ=">AAAB9HicdVDLSgMxFL1TX7W+qi7dBIvgapgZWtpupOjGZQX7gHYomUymDc08TDKFMvQ73LhQxK0f486/MX1QVPRA4HDOudyb4yWcSWVZn0ZuY3Nreye/W9jbPzg8Kh6ftGWcCkJbJOax6HpYUs4i2lJMcdpNBMWhx2nHG9/M/c6ECsni6F5NE+qGeBixgBGstOT2uY76eCDRFbIGxZJl1u1K1aki27QWQJbp1Oy6Y6+VEqzQHBQ/+n5M0pBGinAsZc+2EuVmWChGOJ0V+qmkCSZjPKQ9TSMcUulmi6Nn6EIrPgpioV+k0EL9PpHhUMpp6OlkiNVI/vbm4l9eL1VBzc1YlKSKRmS5KEg5UjGaN4B8JihRfKoJJoLpWxEZYYGJ0j0VdAnrv/9P2o5pl83KXbnUuF7VkYczOIdLsKEKDbiFJrSAwAM8wjO8GBPjyXg13pbRnLGaOYUfMN6/AMhJkXg=</latexit>

K2 > 0

<latexit sha1_base64="BgBwfI42UfR4ApR780yoVCDxYGc=">AAAB9HicdVBNS8NAEJ3Ur1q/qh69LBbBU0hCS9uLFL0IXipYW2hD2Wy37dLNJu5uCiX0d3jxoIhXf4w3/43bD4qKPhh4vDfDzLwg5kxpx/m0MmvrG5tb2e3czu7e/kH+8OheRYkktEEiHslWgBXlTNCGZprTViwpDgNOm8HoauY3x1QqFok7PYmpH+KBYH1GsDaSn3YI5uhm2vXQhdPNFxy76pbKXhm5tjMHcmyv4lY9d6UUYIl6N//R6UUkCanQhGOl2q4Taz/FUjPC6TTXSRSNMRnhAW0bKnBIlZ/Oj56iM6P0UD+SpoRGc/X7RIpDpSZhYDpDrIfqtzcT//Laie5X/JSJONFUkMWifsKRjtAsAdRjkhLNJ4ZgIpm5FZEhlphok1POhLD6/X9y79lu0S7dFgu1y2UcWTiBUzgHF8pQg2uoQwMIPMAjPMOLNbaerFfrbdGasZYzx/AD1vsXf8eRSQ==</latexit>



C. Skordis, in preparation.Black Holes
Bernardo & Chen, arxiv:2202.08460 (consider a 
disconnected sector where ) � = �(r)

<latexit sha1_base64="UiIQjZNvNnsgu47+dZj2NhgeJCg=">AAAB9XicdVDLSsNAFJ3UV62vqks3g0Wom5DUvlwIRTcuK9hWaGOZTCft0MkkzEyUEvofblwo4tZ/ceffOEkjqOiByz2ccy9z57gho1JZ1oeRW1peWV3Lrxc2Nre2d4q7e10ZRAKTDg5YIG5cJAmjnHQUVYzchIIg32Wk504vEr93R4SkAb9Ws5A4Phpz6lGMlJZuB+GEwjOYtLI4HhZLlnlaP6lV6jAlDSsj1aYNbdNKUQIZ2sPi+2AU4MgnXGGGpOzbVqicGAlFMSPzwiCSJER4isakrylHPpFOnF49h0daGUEvELq4gqn6fSNGvpQz39WTPlIT+dtLxL+8fqS8phNTHkaKcLx4yIsYVAFMIoAjKghWbKYJwoLqWyGeIIGw0kEVdAhfP4X/k27FtKtm7apaap1nceTBATgEZWCDBmiBS9AGHYCBAA/gCTwb98aj8WK8LkZzRrazD37AePsEga+R5Q==</latexit>

Schwarzchild BH, �

<latexit sha1_base64="zta6jt8mFzKUVA1OOs8nmDy74MA=">AAAB63icdVDLSsNAFJ3UV62vqks3g0VwFZLal7uiG5cV7APaUCbTSTt0ZhJmJkIJ/QU3LhRx6w+582+cpBFU9MCFwzn3cu89fsSo0o7zYRXW1jc2t4rbpZ3dvf2D8uFRT4WxxKSLQxbKgY8UYVSQrqaakUEkCeI+I31/fp36/XsiFQ3FnV5ExONoKmhAMdKpNIpmdFyuOPZl46JebcCMNJ2c1FoudG0nQwXk6IzL76NJiGNOhMYMKTV0nUh7CZKaYkaWpVGsSITwHE3J0FCBOFFekt26hGdGmcAglKaEhpn6fSJBXKkF900nR3qmfnup+Jc3jHXQ8hIqolgTgVeLgphBHcL0cTihkmDNFoYgLKm5FeIZkghrE0/JhPD1Kfyf9Kq2W7Prt7VK+yqPowhOwCk4By5ogja4AR3QBRjMwAN4As8Wtx6tF+t11Vqw8plj8APW2yec5I6k</latexit>

Singular at horizon

ds2 = �e2�(r)dt2 + e2 (r)dr2 + r2d⌦

<latexit sha1_base64="fUv6l0nhCCsU9OdUPSKMY01ahNw="></latexit>

• Assume static, spherically symmetric
Aµ = {�e��(r), A(r), 0, 0}

<latexit sha1_base64="PKciOrIBdDOgLDb8UUpyWJK70DI="></latexit>

� =
p

1 + e�2 A2

<latexit sha1_base64="hYTE/FA8A/TTQfvAzRmWBS11/Rk="></latexit>

(From unit timelike constraint)

Continuity with cosmology demands that rµ�

<latexit sha1_base64="/NIPTS40Xvuz29bMM1OE/+SIMb8=">AAAB+HicdVDLSsNAFJ3UV62PRl26GSyCq5DUvtwV3bisYB/QhDCZTtqhk0mYmQi19EvcuFDErZ/izr9xmkZQ0QMXDufcy733BAmjUtn2h1FYW9/Y3Cpul3Z29/bL5sFhT8apwKSLYxaLQYAkYZSTrqKKkUEiCIoCRvrB9Grp9++IkDTmt2qWEC9CY05DipHSkm+WXY4Chnw3SqGbTKhvVmzronFerzZgRpp2TmotBzqWnaECcnR8890dxTiNCFeYISmHjp0ob46EopiRRclNJUkQnqIxGWrKUUSkN88OX8BTrYxgGAtdXMFM/T4xR5GUsyjQnRFSE/nbW4p/ecNUhS1vTnmSKsLxalGYMqhiuEwBjqggWLGZJggLqm+FeIIEwkpnVdIhfH0K/ye9quXUrPpNrdK+zOMogmNwAs6AA5qgDa5BB3QBBil4AE/g2bg3Ho0X43XVWjDymSPwA8bbJwRMk1o=</latexit>

be timelike Global time coordinate: � = Q0t

<latexit sha1_base64="FAN5gzz7w2TAiCiWMt7hf6cJqvc=">AAAB/HicdVDLSsNAFJ3UV62vaJduBovgKiS1LxdC0Y3LFuwDmhAm00k7dPJgZiKEUH/FjQtF3Poh7vwbp20EFT1w4XDOvdx7jxczKqRpfmiFtfWNza3idmlnd2//QD886oso4Zj0cMQiPvSQIIyGpCepZGQYc4ICj5GBN7te+IM7wgWNwluZxsQJ0CSkPsVIKsnVy3Y8pfASZjZGDHbnrgmlq1dM46JxXq824JI0zZzUWha0DHOJCsjRcfV3exzhJCChxAwJMbLMWDoZ4pJiRuYlOxEkRniGJmSkaIgCIpxsefwcniplDP2IqwolXKrfJzIUCJEGnuoMkJyK395C/MsbJdJvORkN40SSEK8W+QmDMoKLJOCYcoIlSxVBmFN1K8RTxBGWKq+SCuHrU/g/6VcNq2bUu7VK+yqPowiOwQk4AxZogja4AR3QAxik4AE8gWftXnvUXrTXVWtBy2fK4Ae0t09o0ZQA</latexit>

Better assumption is:

• Take strong-field limit: (Assumes relevant scales are smaller than rM ⇠
r

GM

a0

<latexit sha1_base64="4+r4H6VZwohZCMkInMfo63nRTeg=">AAACCXicdVDLSgMxFM3UV62vUZdugkVwVWZqX+6KLnRTqGAf0JYhk2ba0ExmTDJCGWbrxl9x40IRt/6BO//GdFpBRQ/cy+Gce0nucUNGpbKsDyOztLyyupZdz21sbm3vmLt7bRlEApMWDlggui6ShFFOWooqRrqhIMh3Gem4k/OZ37klQtKAX6tpSAY+GnHqUYyUlhwTCqcB+5L6ut0IFfc9gXB8ARswiZFjJYlj5q3CaeWkXKzAlFStBSnVbGgXrBR5sEDTMd/7wwBHPuEKMyRlz7ZCNYiRUBQzkuT6kSQhwhM0Ij1NOfKJHMTpJQk80soQeoHQxRVM1e8bMfKlnPqunvSRGsvf3kz8y+tFyqsNYsrDSBGO5w95EYMqgLNY4JAKghWbaoKwoPqvEI+RzkLp8HI6hK9L4f+kXSzYpUL5qpSvny3iyIIDcAiOgQ2qoA4uQRO0AAZ34AE8gWfj3ng0XozX+WjGWOzsgx8w3j4BSHyaHQ==</latexit>

⌧ µ�1

<latexit sha1_base64="LW46ScpZOKN2d+QmIdyrvzl52/8=">AAAB83icdVDLSsNAFJ3UV62vqks3g0VwY0hqX+6KblxWsA9oYplMp+3QySTMQyihv+HGhSJu/Rl3/o3TNIKKHrhwOOde7r0niBmVynE+rNzK6tr6Rn6zsLW9s7tX3D/oyEgLTNo4YpHoBUgSRjlpK6oY6cWCoDBgpBtMrxZ+954ISSN+q2Yx8UM05nREMVJG8jzGoBfqu+TMnQ+KJce+qJ1XyzWYkrqTkUrDha7tpCiBDK1B8d0bRliHhCvMkJR914mVnyChKGZkXvC0JDHCUzQmfUM5Con0k/TmOTwxyhCOImGKK5iq3ycSFEo5CwPTGSI1kb+9hfiX19dq1PATymOtCMfLRSPNoIrgIgA4pIJgxWaGICyouRXiCRIIKxNTwYTw9Sn8n3TKtluxqzeVUvMyiyMPjsAxOAUuqIMmuAYt0AYYxOABPIFnS1uP1ov1umzNWdnMIfgB6+0T4kaRnQ==</latexit>

F = (2�KB)�sY

<latexit sha1_base64="kjHrBtxJrmB79LCS56kU+kJ8pQo="></latexit>

• Three functions to be determined: �(r)

<latexit sha1_base64="hS8YUQGm6w8g1n3KLeR7GuC9QGA=">AAAB7nicdVDJSgNBEK2JW4xb1KOXxiDEyzATs3kLevEYwSyQDKGn05M06Vno7hHCkI/w4kERr36PN//GzmQEFX1Q8Hiviqp6bsSZVJb1YeTW1jc2t/LbhZ3dvf2D4uFRV4axILRDQh6Kvosl5SygHcUUp/1IUOy7nPbc2fXS791TIVkY3Kl5RB0fTwLmMYKVlnrD9pSVxfmoWLLMy/pFrVJHKWlYGak2bWSbVooSZGiPiu/DcUhinwaKcCzlwLYi5SRYKEY4XRSGsaQRJjM8oQNNA+xT6STpuQt0ppUx8kKhK1AoVb9PJNiXcu67utPHaip/e0vxL28QK6/pJCyIYkUDslrkxRypEC1/R2MmKFF8rgkmgulbEZligYnSCRV0CF+fov9Jt2LaVbN2Wy21rrI48nACp1AGGxrQghtoQwcIzOABnuDZiIxH48V4XbXmjGzmGH7AePsEB8uPZQ==</latexit>

 (r)

<latexit sha1_base64="Qo6AJiyWwkdChQKnWjT+U/Merb8=">AAAB7nicdVDJSgNBEK2JW4xb1KOXxiDEyzATs3kLevEYwSyQDKGn05M06Vno7hHCkI/w4kERr36PN//GzmQEFX1Q8Hiviqp6bsSZVJb1YeTW1jc2t/LbhZ3dvf2D4uFRV4axILRDQh6Kvosl5SygHcUUp/1IUOy7nPbc2fXS791TIVkY3Kl5RB0fTwLmMYKVlnrDtmRlcT4qlizzsn5Rq9RRShpWRqpNG9mmlaIEGdqj4vtwHJLYp4EiHEs5sK1IOQkWihFOF4VhLGmEyQxP6EDTAPtUOkl67gKdaWWMvFDoChRK1e8TCfalnPuu7vSxmsrf3lL8yxvEyms6CQuiWNGArBZ5MUcqRMvf0ZgJShSfa4KJYPpWRKZYYKJ0QgUdwten6H/SrZh21azdVkutqyyOPJzAKZTBhga04Aba0AECM3iAJ3g2IuPReDFeV605I5s5hh8w3j4BGKOPcA==</latexit>

A(r)

<latexit sha1_base64="3OtmcwqDgMneQsZtOZyIIlR/vEI=">AAAB63icdVDLSgMxFM34rPVVdekmWIS6GWZqX+6qblxWsA9oh5JJ0zY0yQxJRihDf8GNC0Xc+kPu/Bsz0xFU9MCFwzn3cu89fsio0o7zYa2srq1vbOa28ts7u3v7hYPDjgoiiUkbByyQPR8pwqggbU01I71QEsR9Rrr+7Drxu/dEKhqIOz0PicfRRNAxxUgn0mVJng0LRce+qJ1XyzWYkrqTkUrDha7tpCiCDK1h4X0wCnDEidCYIaX6rhNqL0ZSU8zIIj+IFAkRnqEJ6RsqECfKi9NbF/DUKCM4DqQpoWGqfp+IEVdqzn3TyZGeqt9eIv7l9SM9bngxFWGkicDLReOIQR3A5HE4opJgzeaGICypuRXiKZIIaxNP3oTw9Sn8n3TKtluxq7eVYvMqiyMHjsEJKAEX1EET3IAWaAMMpuABPIFni1uP1ov1umxdsbKZI/AD1tsntBqOCw==</latexit>

, depend on two additional parameters: KB ,�s

<latexit sha1_base64="HARp3ZL4PDJrJul0R3Pc9hC+Hnc=">AAAB+XicdVDLSsNAFJ3UV62vqEs3g0VwISGpfbkrdSO4qWAf0IYwmUzaoZMHM5NCCf0TNy4UceufuPNvnKYRVPTAwOGce7h3jhszKqRpfmiFtfWNza3idmlnd2//QD886oko4Zh0ccQiPnCRIIyGpCupZGQQc4ICl5G+O71e+v0Z4YJG4b2cx8QO0DikPsVIKsnRdXjrtC/giKmIhxwBHb1sGlf1y1qlDjPSMHNSbVrQMswMZZCj4+jvIy/CSUBCiRkSYmiZsbRTxCXFjCxKo0SQGOEpGpOhoiEKiLDT7PIFPFOKB/2IqxdKmKnfEykKhJgHrpoMkJyI395S/MsbJtJv2ikN40SSEK8W+QmDMoLLGqBHOcGSzRVBmFN1K8QTxBGWqqySKuHrp/B/0qsYVtWo3VXLrXZeRxGcgFNwDizQAC1wAzqgCzCYgQfwBJ61VHvUXrTX1WhByzPH4Ae0t08doJK3</latexit>

https://arxiv.org/abs/2202.08460


C. Skordis, in preparation.

q2 =

✓
1 +

KB

2
�s

◆
(1 + �s)Q2

0↵
2
0

<latexit sha1_base64="pDpPRR/a12LxFCnIHAzCWeJ2Gzo="></latexit>

KB < 3.2⇥ 10�4

<latexit sha1_base64="tL0AaeKjlkNh+xoe0okk5N7ksGs=">AAACAHicdVDLSsNAFJ3UV62vqgsXbgaL4MaQtOlDcFHqRnBTwT6gjWEynbZDJw9mJkIJ3fgrblwo4tbPcOffOE0jqOiBC4dz7uXee9yQUSEN40PLLC2vrK5l13Mbm1vbO/ndvbYIIo5JCwcs4F0XCcKoT1qSSka6ISfIcxnpuJOLud+5I1zQwL+R05DYHhr5dEgxkkpy8gdXTgOel/Qi7EvqEQFN4zY+tWZOvmDoZ5VSuViBCakaKbFqJjR1I0EBpGg6+ff+IMCRR3yJGRKiZxqhtGPEJcWMzHL9SJAQ4QkakZ6iPlLL7Dh5YAaPlTKAw4Cr8iVM1O8TMfKEmHqu6vSQHIvf3lz8y+tFclizY+qHkSQ+XiwaRgzKAM7TgAPKCZZsqgjCnKpbIR4jjrBUmeVUCF+fwv9Ju6ibll6+tgr1RhpHFhyCI3ACTFAFdXAJmqAFMJiBB/AEnrV77VF70V4XrRktndkHP6C9fQLKP5Sn</latexit>

1

�s
< 1.6⇥ 10�4

<latexit sha1_base64="J8eXeF4DgrnPhZG44+jaofnSngE="></latexit>

Connect with 
linearised solution

C0 = �2GNM

<latexit sha1_base64="ZkwyuU6MsADKMZ1RknfWIpC57VA=">AAAB+HicdVDLSsNAFJ3UV62PRl26GSyCG0NS+3IhFLvQjVLBPqANYTKdtkMnD2YmQg39EjcuFHHrp7jzb5ymEVT0wIXDOfdy7z1uyKiQpvmhZZaWV1bXsuu5jc2t7by+s9sWQcQxaeGABbzrIkEY9UlLUslIN+QEeS4jHXfSmPudO8IFDfxbOQ2J7aGRT4cUI6kkR883HBOewWNYhBfONbxy9IJpnFZOysUKTEjVTEmpZkHLMBMUQIqmo7/3BwGOPOJLzJAQPcsMpR0jLilmZJbrR4KECE/QiPQU9ZFHhB0nh8/goVIGcBhwVb6Eifp9IkaeEFPPVZ0ekmPx25uLf3m9SA5rdkz9MJLEx4tFw4hBGcB5CnBAOcGSTRVBmFN1K8RjxBGWKqucCuHrU/g/aRcNq2SUb0qF+nkaRxbsgwNwBCxQBXVwCZqgBTCIwAN4As/avfaovWivi9aMls7sgR/Q3j4BUXSQ9Q==</latexit>

↵0 =
GM

�sQ0

<latexit sha1_base64="SsJ3+g+tkgA4tbWVl6lQdRCPH0E="></latexit>

ds2 = �
✓
1� 2GNM

r
+

2��(GNM)2

r2

◆
dt2 +

dr2

1� 2GNM
r + 2��(GNM)2

r2

+ r2d⌦

<latexit sha1_base64="LY4lA/RQdOffEqU/+3fknyH2E+M="></latexit>

�� = �PPN � 1 =
1

2

✓
KB

2
+

1

�s

◆✓
1 +

1

�s

◆

<latexit sha1_base64="jgY1HMF6rstqSxFFWgmN6//Jls4="></latexit>

< 8⇥ 10�5

<latexit sha1_base64="09CACF+ez6GR0MGLjA73MXPQhBU=">AAAB+3icdVDLSsNAFJ3UV62vWJduBovgxpDUvgQXRTcuK9hWaGOZTKft0MkkzEzEEvIrblwo4tYfceffOE0jqOiBC4dz7uXee7yQUals+8PILS2vrK7l1wsbm1vbO+ZusSODSGDSxgELxI2HJGGUk7aiipGbUBDke4x0venF3O/eESFpwK/VLCSuj8acjihGSksDs3gGG7CvqE8kdOzb+LiaDMySbZ3WTqrlGkxJ3c5IpeFAx7JTlECG1sB87w8DHPmEK8yQlD3HDpUbI6EoZiQp9CNJQoSnaEx6mnKkl7lxensCD7UyhKNA6OIKpur3iRj5Us58T3f6SE3kb28u/uX1IjVquDHlYaQIx4tFo4hBFcB5EHBIBcGKzTRBWFB9K8QTJBBWOq6CDuHrU/g/6ZQtp2JVryql5nkWRx7sgwNwBBxQB01wCVqgDTC4Bw/gCTwbifFovBivi9ackc3sgR8w3j4BCFOTLw==</latexit>

(BH always sub-extremal)

Unique solution: Reissner-Nordstrom:

A =
↵0

r2

<latexit sha1_base64="etTYveixDJsiCN2QYHdOLVCtPXg=">AAACAXicdVDLSsNAFJ3UV62vqBvBzWARXJWk9uVCqLpxWcE+oIllMp20QyeTMDMRSogbf8WNC0Xc+hfu/BunD0FFD1w4nHMv997jRYxKZVkfRmZhcWl5JbuaW1vf2Nwyt3daMowFJk0cslB0PCQJo5w0FVWMdCJBUOAx0vZGFxO/fUuEpCG/VuOIuAEacOpTjJSWeubeGTyFji8QThzEoiHqWWkiboppz8xbhZPKcblYgVNSteakVLOhXbCmyIM5Gj3z3emHOA4IV5ghKbu2FSk3QUJRzEiac2JJIoRHaEC6mnIUEOkm0w9SeKiVPvRDoYsrOFW/TyQokHIceLozQGoof3sT8S+vGyu/5iaUR7EiHM8W+TGDKoSTOGCfCoIVG2uCsKD6VoiHSMehdGg5HcLXp/B/0ioW7FKhfFXK18/ncWTBPjgAR8AGVVAHl6ABmgCDO/AAnsCzcW88Gi/G66w1Y8xndsEPGG+f6WGWmQ==</latexit>

With:

(Schwarzschild not a solution)
ds2 = �

✓
1 +

C0

r
+

q2

r2

◆
dt2 +

dr2

1 + C0
r + q2

r2

+ r2d⌦

<latexit sha1_base64="SuXnZIRQI0xrCEVjThRZOO4yjaU="></latexit>



FRW + linear fluctuations
Effective description:  

aLIGO/Virgo + EM (2017)
Tensor speed = 1

Non-relativistic, static: MOND
 Bekenstein & Milgrom 1984

�

<latexit sha1_base64="UGPn88iXC+2EHMW6NdrB5D+JKPA=">AAAB63icdVDLSsNAFJ3UV62vqks3g0VwFZLal7uiG5cV7APaUCbTSTt0ZhJmJkIJ/QU3LhRx6w+582+cpBFU9MCFwzn3cu89fsSo0o7zYRXW1jc2t4rbpZ3dvf2D8uFRT4WxxKSLQxbKgY8UYVSQrqaakUEkCeI+I31/fp36/XsiFQ3FnV5ExONoKmhAMdKpNOrM6LhccezLxkW92oAZaTo5qbVc6NpOhgrI0RmX30eTEMecCI0ZUmroOpH2EiQ1xYwsS6NYkQjhOZqSoaECcaK8JLt1Cc+MMoFBKE0JDTP1+0SCuFIL7ptOjvRM/fZS8S9vGOug5SVURLEmAq8WBTGDOoTp43BCJcGaLQxBWFJzK8QzJBHWJp6SCeHrU/g/6VVtt2bXb2uV9lUeRxGcgFNwDlzQBG1wAzqgCzCYgQfwBJ4tbj1aL9brqrVg5TPH4Aest09sJI6E</latexit>

� =  

<latexit sha1_base64="482YQlM1x3x1GRxHv8tDLumH/NY=">AAAB8nicdVDLSsNAFJ34rPVVdelmsAiuQlL7ciEU3biMYB+QhDKZTtqhk0yYmQgl9DPcuFDErV/jzr9xmkZQ0QMXDufcy733BAmjUlnWh7Gyura+sVnaKm/v7O7tVw4Oe5KnApMu5oyLQYAkYTQmXUUVI4NEEBQFjPSD6fXC798TISmP79QsIX6ExjENKUZKS67nTCi8hJ4j6bBStcyL5nmj1oQ5aVkFqbdtaJtWjioo4Awr796I4zQiscIMSenaVqL8DAlFMSPzspdKkiA8RWPiahqjiEg/y0+ew1OtjGDIha5YwVz9PpGhSMpZFOjOCKmJ/O0txL88N1Vh289onKSKxHi5KEwZVBwu/ocjKghWbKYJwoLqWyGeIIGw0imVdQhfn8L/Sa9m2nWzcVuvdq6KOErgGJyAM2CDFuiAG+CALsCAgwfwBJ4NZTwaL8brsnXFKGaOwA8Yb5+Nh5DP</latexit>

EXTENSION OF GR

⇤

<latexit sha1_base64="iwdonubZYeOSkX8wciJGVsiL4RU=">AAAB7nicdVDLSsNAFL3xWeur6tLNYBFchaT25a7oxoWLCvYBbSiTyaQdOnkwMxFK6Ee4caGIW7/HnX/jNI2gogcGDuecy9x73JgzqSzrw1hZXVvf2CxsFbd3dvf2SweHXRklgtAOiXgk+i6WlLOQdhRTnPZjQXHgctpzp1cLv3dPhWRReKdmMXUCPA6ZzwhWWuoNb3TUw6NS2TIv6ue1Sh1lpGHlpNq0kW1aGcqQoz0qvQ+9iCQBDRXhWMqBbcXKSbFQjHA6Lw4TSWNMpnhMB5qGOKDSSbN15+hUKx7yI6FfqFCmfp9IcSDlLHB1MsBqIn97C/Evb5Aov+mkLIwTRUOy/MhPOFIRWtyOPCYoUXymCSaC6V0RmWCBidINFXUJX5ei/0m3YtpVs3ZbLbcu8zoKcAwncAY2NKAF19CGDhCYwgM8wbMRG4/Gi/G6jK4Y+cwR/IDx9gmVAY/C</latexit>

CDM

Lensing

hµ⌫

<latexit sha1_base64="Ph1VIBXu6pKHKE/jYQUiFuK9j8g="></latexit>

Âi

<latexit sha1_base64="DLkWzO7bSbBMNPD1s2vl8PlfeeE="></latexit>

'

<latexit sha1_base64="oVLEPI0EqkwbZDnuI0JzK4/aE/4="></latexit>
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§CDM: b= 1

Cosh function: KB = 0.5, b = 0.975

Exp function: KB = 0.1, b =0.995

Higgs-like: KB = 0.3, w0 = 10°17, b = 0.98

SDSS DR7 LRG

Same fields: gµ⌫

<latexit sha1_base64="vYYsUPes0WzkgNCatMehlLIhCjM=">AAAB8XicdVDLSsNAFJ34rPVVdelmsAiuQlL7cld047KCfWATymQ6aYdOJmEeQgn9CzcuFHHr37jzb5ymEVT0wIXDOfdy7z1BwqhUjvNhrayurW9sFraK2zu7e/ulg8OujLXApINjFot+gCRhlJOOooqRfiIIigJGesH0auH37omQNOa3apYQP0JjTkOKkTLS3XiYepH2uJ4PS2XHvqif1yp1mJGGk5Nq04Wu7WQogxztYendG8VYR4QrzJCUA9dJlJ8ioShmZF70tCQJwlM0JgNDOYqI9NPs4jk8NcoIhrEwxRXM1O8TKYqknEWB6YyQmsjf3kL8yxtoFTb9lPJEK8LxclGoGVQxXLwPR1QQrNjMEIQFNbdCPEECYWVCKpoQvj6F/5NuxXardu2mWm5d5nEUwDE4AWfABQ3QAtegDToAAw4ewBN4tqT1aL1Yr8vWFSufOQI/YL19AoJbkX4=</latexit>

Aµ

<latexit sha1_base64="ebSaBROoiRogxu1TlY1FRVmjZww=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4GmZqX+6qblxWsA9oh5JJM21skhmSjFCG/oMbF4q49X/c+Tem0xFU9MCFwzn3cu89fsSo0o7zYeVWVtfWN/Kbha3tnd294v5BR4WxxKSNQxbKno8UYVSQtqaakV4kCeI+I11/erXwu/dEKhqKWz2LiMfRWNCAYqSN1LkYDngMh8WSY5/XzqrlGkxJ3clIpeFC13ZSlECG1rD4PhiFOOZEaMyQUn3XibSXIKkpZmReGMSKRAhP0Zj0DRWIE+Ul6bVzeGKUEQxCaUpomKrfJxLElZpx33RypCfqt7cQ//L6sQ4aXkJFFGsi8HJREDOoQ7h4HY6oJFizmSEIS2puhXiCJMLaBFQwIXx9Cv8nnbLtVuzqTaXUvMziyIMjcAxOgQvqoAmuQQu0AQZ34AE8gWcrtB6tF+t12ZqzsplD8APW2yd8lY8Z</latexit>

�

<latexit sha1_base64="zta6jt8mFzKUVA1OOs8nmDy74MA=">AAAB63icdVDLSsNAFJ3UV62vqks3g0VwFZLal7uiG5cV7APaUCbTSTt0ZhJmJkIJ/QU3LhRx6w+582+cpBFU9MCFwzn3cu89fsSo0o7zYRXW1jc2t4rbpZ3dvf2D8uFRT4WxxKSLQxbKgY8UYVSQrqaakUEkCeI+I31/fp36/XsiFQ3FnV5ExONoKmhAMdKpNIpmdFyuOPZl46JebcCMNJ2c1FoudG0nQwXk6IzL76NJiGNOhMYMKTV0nUh7CZKaYkaWpVGsSITwHE3J0FCBOFFekt26hGdGmcAglKaEhpn6fSJBXKkF900nR3qmfnup+Jc3jHXQ8hIqolgTgVeLgphBHcL0cTihkmDNFoYgLKm5FeIZkghrE0/JhPD1Kfyf9Kq2W7Prt7VK+yqPowhOwCk4By5ogja4AR3QBRjMwAN4As8Wtx6tF+t11Vqw8plj8APW2yec5I6k</latexit>

A possibility



•New dof mixing with metric perturbation: 1 scalar and 1 unit-timeline vector (Aether)

• BH solutions: Reisner-Nordstrom with charge related to (baryonic) mass 

•Static solutions: only exist if baryonic mass is present (no non-trivial scalar/vector profiles)

•This is not a MOND theory:

•Aether Scalar Tensor (AeST)

MOND

CDM⇤

<latexit sha1_base64="iwdonubZYeOSkX8wciJGVsiL4RU=">AAAB7nicdVDLSsNAFL3xWeur6tLNYBFchaT25a7oxoWLCvYBbSiTyaQdOnkwMxFK6Ee4caGIW7/HnX/jNI2gogcGDuecy9x73JgzqSzrw1hZXVvf2CxsFbd3dvf2SweHXRklgtAOiXgk+i6WlLOQdhRTnPZjQXHgctpzp1cLv3dPhWRReKdmMXUCPA6ZzwhWWuoNb3TUw6NS2TIv6ue1Sh1lpGHlpNq0kW1aGcqQoz0qvQ+9iCQBDRXhWMqBbcXKSbFQjHA6Lw4TSWNMpnhMB5qGOKDSSbN15+hUKx7yI6FfqFCmfp9IcSDlLHB1MsBqIn97C/Evb5Aov+mkLIwTRUOy/MhPOFIRWtyOPCYoUXymCSaC6V0RmWCBidINFXUJX5ei/0m3YtpVs3ZbLbcu8zoKcAwncAY2NKAF19CGDhCYwgM8wbMRG4/Gi/G6jK4Y+cwR/IDx9gmVAY/C</latexit>

On galactic scales

On cosmological scales

•Non-zero PPN parameters expected � = 1
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Excellent fits to CMB + LSS

↵1 6= 0

<latexit sha1_base64="Cu1DUeeO4AX+1X9Yj5EzdPDpg00=">AAAB9XicdVDJSgNBEO2JW4xb1KOXxiB4GmZiNm9BLx4jmAUyY+jp1CRNenqG7h4lhPyHFw+KePVfvPk3dhZBRR8UPN6roqpekHCmtON8WJmV1bX1jexmbmt7Z3cvv3/QUnEqKTRpzGPZCYgCzgQ0NdMcOokEEgUc2sHocua370AqFosbPU7Aj8hAsJBRoo106xGeDEnPxZ4A7PTyBcc+r5yVixU8J1VnSUo1F7u2M0cBLdHo5d+9fkzTCISmnCjVdZ1E+xMiNaMcpjkvVZAQOiID6BoqSATKn8yvnuITo/RxGEtTQuO5+n1iQiKlxlFgOiOih+q3NxP/8rqpDmv+hIkk1SDoYlGYcqxjPIsA95kEqvnYEEIlM7diOiSSUG2CypkQvj7F/5NW0XZLdvm6VKhfLOPIoiN0jE6Ri6qojq5QAzURRRI9oCf0bN1bj9aL9bpozVjLmUP0A9bbJ6cfkfw=</latexit>

↵2 6= 0
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KB < 3.2⇥ 10�4
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•Scalar gravitational waves

Stochastic background

Cosmological background (as wave-like isocurvature modes)

Stellar pulsations

What now?

Current collaborators: T. Zlosnik (CEICO), S. Ilic (former CEICO, current APC), M. Bataki (PhD student, U. Cyprus & CEICO)
A. Durakovic (CEICO), D. Mota (Oslo), C. Boehm (Sydney), P. Verwayen (Sydney), C. Llinares (Lisbon) 

Upcoming work:

• Hamiltonian formulation (with M. Bataki (PhD student) & T. Zlosnik)


• Weak-field spherically symmetric solutions  (w. A. Durakovic, P. Verwayen (PhD st.), C. Boehm, D. Mota, C. Llinares, )


• PPN parameters

• Black Holes 

• MCMC (Cosmological parameters)  (w. S. Ilic & T. Zlosnik)

•Non-linear cosmology •N-body simulations

•EFTofLSS (done in the case of CDM — Senatore, Zaldarriaga, Baumann, et al.)

•Magic function•Theory needs improvements:

•Term |~r'|3

<latexit sha1_base64="fz26up9YNDxoNebOuH+Ob1LzBZs=">AAACAHicdVDJSgNBEO1xjXGLevDgpTEInsJMdm9BLx4jmAUyMdR0OkmTnp6huycQJrn4K148KOLVz/Dm39hZBBV9UPB4r4qqel7ImdK2/WGtrK6tb2wmtpLbO7t7+6mDw7oKIklojQQ8kE0PFOVM0JpmmtNmKCn4HqcNb3g18xsjKhULxK0eh7TtQ1+wHiOgjdRJHU/cESWxK8DjMHVHIMMBm9zlOqm0nbko5grZIp6Tkr0k+bKDnYw9RxotUe2k3t1uQCKfCk04KNVy7FC3Y5CaEU6nSTdSNAQyhD5tGSrAp6odzx+Y4jOjdHEvkKaExnP1+0QMvlJj3zOdPuiB+u3NxL+8VqR75XbMRBhpKshiUS/iWAd4lgbuMkmJ5mNDgEhmbsVkABKINpklTQhfn+L/ST2bcfKZwk0+XblcxpFAJ+gUnSMHlVAFXaMqqiGCpugBPaFn6956tF6s10XrirWcOUI/YL19AvgFl1E=</latexit>

Is non-local in Fourier space — not nice


