
New gravitational degrees of freedom 
as a solution to the dark matter problem

Constantinos Skordis 
CEICO, Institute of Physics (FZU) of the Czech Academy of Sciences

Helsinki - 14/04/2021



2

• The problem


• New dof for MOND: scalars and time-like vectors


• Building to a new theory: requirements from cosmology


• A new relativistic MOND


• Successful cosmology


• Healthiness and future directions


• Conclusions

• Dark Matter


• Gravity             
• MOND Proposal



Dark matter problem
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Mismatch between
observed dynamics of visible matter its gravitational influence



Solutions
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GR +
Dark Matter 

Primordial Black holes 

New particle not in standard model

Wave dark matter: coherent fields — e.g. axions



Dark matter
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Particle DM 

Statistical description

Wave DM h~x| (t)i

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

Schrödinger (or Klein-Gordon) eq.

Distribution function (d.f.) 

•Evolves in phase-space 

•Collisionless Boltzmann (Vlasov) equation

f(t, ~x, ~u)
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@f

@t
+ ~u · ~rxf + ~rx� · ~ruf = 0
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On galactic scales (              ) and above⇠ kpc
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Schrödinger-Vlasov 
correspondence

Widrow & Kaiser ApJ Lett 416, L71 (1993)

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

New matter dof



Another solution?
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Non-GR gravity
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v ⇠

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

const )
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a ⇠ v2

r
⇠ 1

r
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Rubin & Ford (1970)

Milgrom (1983)

Deviation from Newton when

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

Universal constant

mod. Gravity

mod. Inertia a2

a0
⇠ |~r�|

<latexit sha1_base64="rqhzd80kLQ7oFuIobUfqcAXAdic="></latexit>

~r2� = 4⇡GN⇢
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~r ·
 
|~r�|
a0

~r�

!
= 4⇡GN⇢
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a = |~r�|

<latexit sha1_base64="35/UhXEVXbExORbYuEZmPYlES0s="></latexit>

Modified Newtonian Dynamics



MOND: regularity in galaxies
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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)



Beyond GR
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• 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

New dof

Compactify to 4

Localize

Stückelberize

Collect-by-2



New dof
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'(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⌫
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'(I)
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↵(I)
µ
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L ⇠ (@h)2 + (@')2
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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)(@')
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e.g.

Transformations
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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

10�3 � 10�20
• GR experimentally tested 
• Deviations at                           level 
• New dof suppressed



MOND: New scalar dof
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~r� = ~r�̃+ ~r'

<latexit sha1_base64="SeH6BabYCMYb3HpNh3GxxUQPzYw="></latexit>

~r ·
"
|~r'|
a0

~r'

#
= 4⇡G⇢
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|~r'| ⇠ 1/r
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|~r'|
a0

⌧ 1

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

|~r'|
a0

� 1

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

Screening
|~r'| ⌧ |~r�̃|
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Bekenstein & Milgrom (1984)
AQuadratic Lagrangian Gravity (AQUAL)

Tracking ' / �̃

<latexit sha1_base64="ipqcnIHcNSlOrahFs8E8vO3gMs E=">AAADTHicdZLPahsxEMaVTZum7j8nPfRQCqKm0JNZp07i3pI0kIJxsKFOApZZtFrZK6LVCknrYIROfZpe2/fove/RWylUa7vgbNqBZT/m9w0zkiaWnGkThj82gs1797cebD+sPXr85Omz+s7uhc4LReiQ5 DxXVzHWlDNBh4YZTq+kojiLOb2Mrz+U/HJGlWa5+GTmko4zPBVswgg2PhXVX6EZVjJlEEmVS5NDiAzjCbWonzIX1Rth8/3 Bu/29A7gQh+FKtDst2GqGi2iAVfSjneAFSnJSZFQYwrHWo1YozdhiZRjh1NVQoanE5BpP6chLgTOqx3ZxDgff+EwCJ7nynzBwkV2vsDjTep7F3plhk+oqK5P/YqPCTDpjy4QsDBVk2WhScOjPW14KTJiixPC5 F5go5meFJMUKE+OvroYEvSF5lmGRWDRVOHEWzSixSOCYY+duG3oEc2ct8j/Yq8LBGhxUYffEo250Us0fp2VJio09dne6SV PC5Zv1XCSrhsWMcemR5SP49hUD98uSYF06ljLSdwZbm7pbhadr8LQKz86dPYvOXa3mV+nvvsD/i4u9Zqvd3B+0G0ed1VJtg5fgNXgLWuAQHIGPoA+GgIDP4Av4Cr4F34Ofwa/g99IabKxqnoNbsbn1BzD9Gcc =</latexit>

Tensor-Vector-Scalar theory: Bekenstein (2004)

L ⇠ |~r'|3

a0

<latexit sha1_base64="dXmsaSorYYmVeVdL0nj1AAxdDp8=">AAADc3icbVLLahsxFFU8faTuy 2mX2Yi4hWxqxklKs0zSQAq2Qwx1ErDc4Y5GtkU0mkHSuBhFv9Cv6bb9j35I99XYXjjjXhg4nHMu9+rMjXPBtQnDP1u14NHjJ0+3n9Wfv3j56nVj5821zgpF2YBmIlO3MWgmuGQDw41gt7likMaC3cR3n 0v9ZsaU5pn8auY5G6UwkXzMKRhPRY190qUgMNE8xWSsgNp7MlGQYDIDlU/5/bdDZyEKXdRohq1wUXgTtFegiVZ1Fe3U DkmS0SJl0lABWg/bYW5GFpThVDBXJ4VmOdA7mLChhxJSpkd28SSH33smweNM+U8avGDXOyykWs/T2DtTMFNd1Uryf9qwMOPjkeUyLwyTdDloXAhsMlzmgxOuGDVi7gFQxf2umE7BB2N8inUi2XeapSnI xC5ycpbMGLVEQizAuYeGno/WWUvKhHtVsb8m9qti58xLneisyp9Oy5YpGHvqNqblphQNFwmzPRflVcNix7j05OVP8OM rBuHvJgFdOpYw0huLrW3dqYrna+J5Vby4dPYiuqyw3bWWrm/xZ9auHtUmuD5otY9aH/tHzZPj1cFto120h/ZRG31CJ+gLukIDRNEP9BP9Qr9rf4PdYC94t7TWtlY9b9GDCj78A8oTJrU=</latexit>

�

<latexit sha1_ba se64="LKa1cZ+E8aqFRG8FA4JyoWnQJZg=">AAADMXicbZLNatwwEMcV9ytxv5L2kEMvpkuhp8UuKc0xX5DAsiEL3SSwXsxY1q5FZFlIcsIi9Aq9tu+Rp8mt9NqXq LS7h423A8J/5vcfZiRPLhhVOo4fNoInT589f7G5Fb589frN2+2dd5eqbiQmQ1yzWl7noAijnAw11YxcC0mgyhm5ym+OPb+6JVLRmn/XM0HGFUw5nVAM2qdSUdJsux N343lE6yJZig5axkW2E+ymRY2binCNGSg1SmKhxwakppgRG6aNIgLwDUzJyEkOFVFjMx/WRp9cpogmtXSH62ieXa0wUCk1q3LnrECXqs188n9s1OjJ/thQLhpNOF4 0mjQs0nXkbx4VVBKs2cwJwJK6WSNcggSs3fuEKSd3uK4q4IVJpxIKa9Jbgk3KIWdg7WNDHwOzxqTuE/XbcLACB23YO3Kolx2184elLylBm0O71k1oDzVlBTF9m4m2Y T5j7j3C/wTXvmVgbiMKUN6xkJlaG2xl6l4bnqzAkzY8PbfmNDu3YehWKWkvzrq4/NJN9rpfB3udg/3lUm2iD+gj+owS9A0doDN0gYYIoxL9QD/Rr+A+eAh+B38W1m BjWfMePYrg7z+bUQ+y</latexit>

~r2�̃ = 4⇡G⇢

<latexit sha1_base64="a+TuJBhsxgOyM2sK9Ekm5b0aalo="></latexit>

|~r�̃| ⇠ 1/r2

<latexit sha1_base64="nIIZDqoTfhHhFs558DcaS7xlmFQ="></latexit>

GR-like g̃µ⌫

<latexit sha1_base64="S7Slra9jcXtncLOWp3odFI0ReUU="></latexit>

Effective

gµ⌫

<latexit sha1_base64="5+0L9r6alZyrBYN8LbIBnWqBL14="></latexit>

� = �̄+ '

<latexit sha1_base64="y/tMbEzVngul/NJ7TNaUHiycnVc="></latexit>

Milgrom, Bekenstein, Sanders & others
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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

L ⇠ |~r�|3

a0
+

�p|~r�|2(p+1)

a2p0
<latexit sha1_base64="5rmHOEY+2Q5bpSHGxgGnwxIrz8Q=">AAAED3icbZLdbtMwGIa9hp9RftbBIScWFdLQpCrtkOBwKtBNGpqKRLtOTYm+OG5jLXEi2xmqMl8E59wHZwgOuQSugFO4A9w0B01SS5E+f89jO3ptLwmZVLb9e6dh3bp95+7uveb9Bw8f7bX2H49lnApCRyQOYzHxQNKQcTpSTIV0kggKkRfSC+/qzYpfXFMhWcw/qmVCZxEsOJszAsq03NY0cwiE+D3W2JEsws5cAMlunIUAHztJwG4+HekMXFvjwwI6HlXgJrgkZb2D5LD7QueumSVaY7fVtjt2PnC96BZFGxVj6O43vjp+TNKIckVCkHLatRM1y0AoRkKqm04qaQLkChZ0akoOEZWzLE9B4+em4+N5LMzHFc67mysyiKRcRp4xI1CBrLJVcxubpmr+epYxnqSKcrI+a J6GWMV4FSn2maBEhUtTABHM/CsmAZiolAm+2XQ4/UziKALuZw74sYpBZw7lMhV0dVi2voJTrXXZXcVbNp1ravLn4IWw1R5s0d/WTHNhnjaneiDySU04OS/vc+IaW0T4XNfUs35ZPSvUfl0dSvbOyAGovK7hYAMHNQxhYpAuigocmwB1keO4unKyASdVeLkBL6twsAEHWpv33K2+3nox7nW6R53eh5ft437xsnfRU/QMHaAueoWO0SkaohEi6Cf6g/6if9YX65v13fqxVhs7xZonqDSsX/8BR01ncQ==</latexit>

Quintic Galileon term works but needs a new scale:
Babichev, Deffayet  & Esposito-Farese (2011)

~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=">AAAEBHicbZLNbtNAEMe3NR8l  vYeeoaeo5eoj96gQ3SMRmiMKPqJ/qC/6J/3xfvmffd+3Fh3d8qap2gjvF//AWyuZSY=</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=">AAADjnicdZJda9swFIbVeB9d9pVuF7vYjVgYdDfB6dI0uyhru0IKIaWBpS1EwciyHIvKH0hyRlD18/Yj9ht2u91PdjxI3e2A0eF93sM5HB8/40wq1/2x1XAePHz0ePtJ8+mz5y9etnZeXco0F4ROScpTce1jSTlL6FQxxel1JiiOfU6v/JsvBb9aUiFZmnxVq4zOY7xIWMgIVlbyWh5aCBxARIJUIU5DNYNh+e6iUGCib0uOllhkEbs1GnuuQYItIvWhqlwjuBbn8BD2IMoYhEMrRanXarudT/2P+3t9WCYHbpX0Bl3Y7bhltEEVF95O4w0KUpLHNFGEYylnXTdTc42FYoRT00S5pBkmN3hBZzZNcE zlXJebMPC9VQIYpsJ+iYKlulmhcSzlKvatM8YqknVWiP9is1yFg7lmSZYrmpB1ozDnUKWwWCsMmKBE8ZVNMBHMzgpJhO0GlV1+EyX0G0njGCeBLtdmNFpSolGCfY6NuWsYE8yN1sg+cFyHkw04qcPRiUUj76SuH0dFSYSVPjb3umWqgIrxgOqx8bK6oZzRLzxZ8RNs+5qB23MLsCwc69ST9wbbmHpUh6cb8LQOh+dGD71z02zaU/p7L/D/yeVep9vr7E967aNBdVTb4C14B3ZBFxyAI3AGLsAUEPAd/AS/wG+n5fSdQ+fz2trYqmpegzvhnP0BraMwCQ==</latexit>

|~r'|
a0

⌧ 1

<latexit sha1_base64="ys95cqqFI7FbjoJh1Jb4TFZQFbo=">AAADUXicdZJNa9tAEIY3cj9Spx9Oe+ihlyWm0JORUidxb0kaSME4xNB8gGXEaLW2l6xWYnflYjZ776/ptf0fPfWn9NaV7IKjt ANCL/O8w4xGE+ecKe37vza8xoOHjx5vPmluPX32/EVr++WlygpJ6AXJeCavY1CUM0EvNNOcXueSQhpzehXffCz51ZxKxTLxWS9yOk5hKtiEEdAuFbV2wokEYm7DqYQEh3OQ+YzhW2sg8i0OOcdB1Gr7nQ/77/d293ElDvyV6PYCHHT8KtpoFefRtvc6TDJSpFRowkGpUeDnemxAakY4tc2wUDQHcgNTOnJSQErV2FQfY/Fbl0nwJJPuERpX2fUKA6lSizR2zhT0TNVZmfwXGxV60hsbJvJCU0GWjSYFxzr D5WZwwiQlmi+cACKZmxWTGbjtaLe/ZijoF5KlKYjEVMuyJpxTYkIBMQdr7xoGBLg1JnQvPKjD4Roc1mH/2KF+dFzPH83Kkhloc2Tvdct1CTXjCTUDG+V1QzVjXHry8ie49jUDdxeTgCodSxmpe4OtTd2vw5M1eFKHp2fWnEZnttl0p/T3Xv D/xeVuJ+h29obd9mFvdVSb6A3aQe9QgA7QIfqEztEFIugr+oa+ox/eT+93AzW8pdXbWNW8QneisfUH5Q0ZZw==</latexit>

|~r'|
a0

� 1

<latexit sha1_base64="54Ylf0cQzgefiebIEmBkoId4ux8=">AAADUXicdZJNa9tAEIY3cj9Spx9Oe+ihlyWm0JORUidxb0kaSME4xNB8gGXEaLW2l6xWYnflYjZ776/ptf0fPfWn9NaV7IKjt ANCL/O8w4xGE+ecKe37vza8xoOHjx5vPmluPX32/EVr++WlygpJ6AXJeCavY1CUM0EvNNOcXueSQhpzehXffCz51ZxKxTLxWS9yOk5hKtiEEdAuFbV2wokEYm7DqYQEh3OQ+YzhW2sg8i0Op1McRK223/mw/35vdx9X4sBfiW4vwEHHr6KNVnEebXuvwyQjRUqFJhyUGgV+rscGpGaEU9sMC0VzIDcwpSMnBaRUjU31MRa/dZkETzLpHqFxlV2vMJAqtUhj50xBz1Sdlcl/sVGhJ72xYSIvNBVk2WhScKw zXG4GJ0xSovnCCSCSuVkxmYHbjnb7a4aCfiFZmoJITLUsa8I5JSYUEHOw9q5hQIBbY0L3woM6HK7BYR32jx3qR8f1/NGsLJmBNkf2Xrdcl1AznlAzsFFeN1QzxqUnL3+Ca18zcHcxCajSsZSRujfY2tT9OjxZgyd1eHpmzWl0ZptNd0p/7w X/X1zudoJuZ2/YbR/2Vke1id6gHfQOBegAHaJP6BxdIIK+om/oO/rh/fR+N1DDW1q9jVXNK3QnGlt/AMkQGV0=</latexit>

f

 
|~r'|
a0

!

<latexit sha1_base64="PAtrSlGHJeXPh+s5V8xe3Ec7U5k=">AAADWHic dZLNTttAEMeXpC2QfgU49NDLqlEluEQOBEhvQJGoFAURqQGkOLLG63W8Yv2h3XVQtOwz9Gl6bZ+jfZqunVQKph3J8l/z+49mPB4/40wqx/m1Vqs/e/5ifWOz8fLV6zdvm1vb1zLNBaEjkvJU3PogKWcJHSmmOL3NBIXY5/TGv/tc8JsZFZKlyVc1z+gkhmnCQkZA2ZTX3MOhy2modt1QANEP7lRA4M5AZBF7MBo8x7iCTSO15zVbTvvT0cHh/hEuxbGzFN1eB3faThkttIwrb6v2zg1Sksc0UYSDlOOOk6mJBqEY4dQ03FzSDMgdTOnYygRiKie6/CaDP9pMgMNU2CdRuMyuVmiIpZzHvnXGoCJZZUXyX2ycq7A30SzJckUTsmgU5hyrFBcLwgETlCg+twKIYHZWTCKwy1F2jQ03ofckjWNIAl3uymh3Rol2E/A5GPPYMCDAjdaufeFBFQ5X4LAK+2cW9 b2zav40KkoiUPrUPOmWqQIqxgOqB8bLqoZyRr/wZMVPsO0rBm4PJwBZOBbSk08GW5m6X4XnK/C8Ci8ujb7wLk2jYU/p773g/4vr/Xan2z4cdlsnveVRbaD36APaRR10jE7QF3SFRoigb+g7+oF+1n7XUX29vrmw1taWNTvoUdS3/wDN/Bwh</latexit>

|~r'|
a0

<latexit sha1_base64="+5HjFukV6ZGJ4Q9P40dNFdJ3Ilc=">AAADSXicdZLNattAEMc3cj9S98tpD4X2stQUejJy4iTuLUkDKRiHGOokYBkxWq3tJauV2F25mM1C n6bX9j36BH2M3kpPXckuOEo7IPRnfv9hRqOJMs6U9v0fG17tzt179zcf1B8+evzkaWPr2blKc0nokKQ8lZcRKMqZoEPNNKeXmaSQRJxeRFfvC34xp1KxVHzUi4yOE5gKNmEEtEuFjZfBRAIx18FUQhzMQWYzdm0NhL 4NG02/9W5vZ3d7D5di31+JTreN2y2/jCZaxVm45b0I4pTkCRWacFBq1PYzPTYgNSOc2nqQK5oBuYIpHTkpIKFqbMqPsPiNy8R4kkr3CI3L7HqFgUSpRRI5ZwJ6pqqsSP6LjXI96Y4NE1muqSDLRpOcY53iYiM4ZpISzRdOAJHMzYrJDNxWtNtbPRD0E0mTBERsyiVZE8wpMYGAiIO 1Nw19AtwaE7gX7lfhYA0OqrB35FAvPKrmD2dFyQy0ObS3umW6gJrxmJq+DbOqoZwxKjxZ8RNc+4qBu0uJQRWOpQzVrcHWpu5V4fEaPK7Ck1NrTsJTW6+7U/p7L/j/4ny71e60dged5kF3dVSb6BV6jd6iNtpHB+gDO kNDRNBn9AV9Rd+8795P75f3e2n1NlY1z9GNqNX+AFZHGTA=</latexit>

Const.

?

DBion — Burrage & Khoury (2014)
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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=">AAADMnicbZLNahsxEMeV7Ve6/UraQw+9iJpCT2a3pDTHOA2kYBxiqJOA1yyzWtkWkbSLpE0xQs/Qa/sefZn2VnrtQ1Rr++DIHRD7Z37/YUbaKWrOtEmSnzvRnbv37j /YfRg/evzk6bO9/ecXumoUoSNS8UpdFaApZ5KODDOcXtWKgig4vSyuP7b88oYqzSr52SxqOhEwk2zKCBifGvXyTDT5XifpJsvA2yJdiw5ax3m+H73Myoo0gkpDOGg9TpPaTCwowwinLs4aTWsg1zCjYy8lCKon djmtw298psTTSvkjDV5mNyssCK0XovBOAWauQ9Ym/8fGjZkeTiyTdWOoJKtG04ZjU+H26rhkihLDF14AUczPiskcFBDjHyjOJP1CKiFAljabKSidzW4osZmEgoNztw0DAtxZm/kPHoRwuAGHIewfe9TPj8N8b 96WzMHYntvqVpsWGsZLagcur0PDcsai9dTtT/DtAwP3K1GCbh0rmeutwTam7ofwZAOehPD0zNnT/MzFsV+lNFycbXHxrpsedN8PDzpHh+ul2kWv0Gv0FqXoAzpCn9A5GiGCGPqKvqHv0Y/oV/Q7+rOyRjvrmhf oVkR//wF3xA/9</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="a0wgbQJ7WRNoNkD11 8xw4nWjK8s=">AAADk3icdZJta9swEMfVeA9d9pRujL3YG7EwGIwGO0vbjL1ps0AHISWBpS1EqZFlJRaVH5DkbEHoC+4b7Fvs7fZqspNB6m4Hxsf9/qc77i7IOJPKdX/s1Jw7d+/d331Qf/jo8ZOnjb1n5zLNBaETkvJUXAZYUs4SOlFMcXqZCYrjgNOL4PpTwS+WVEiWJl/UKqOzGC8SNmcEKxvyG2Eor9oQJRTSK42yGLbREossYgYiTudqCvcL0kaK8ZBqNLLEQBgqm/WuIPtVBEO0pER/M8W7gi0iNfMbTbf14fD 9QfsQls6Ru3E6XQ96Lbe0JtjYyN+rvURhSvKYJopwLOXUczM101goRjg1dZRLmmFyjRd0at0Ex1TOdDkOA9/YSAjnqbBfomAZ3c7QOJZyFQdWGWMVySorgv9i01zNuzPNkixXNCHrQvOcQ5XCYrYwZIISxVfWwUQw2yskERaYKLuBuh3yV5LGMU5CjRYCh0aXk0IJDjg25qZgSDA3WiP7g8MqHG/BcRUOehYN/F41fhIVKRFW+sTcqpapAq43OTR+VhWUPQaFJiuWYMtXBNzeXIhloVi7vrzV2FbXgyrsb8F+FZ6eGX3q n5l63Z7S33uB/3fO2y2v0zoYd5rH3c1R7YJX4DV4CzxwBI7BZzACE0DAd/AT/AK/nRfOR6fn9NfS2s4m5zm4Yc7wD267MI4=</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)

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

Dodelson & Liguori, PRL 97, 231301 (2006)
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`(
`
+
1)
C

`
<latexit sha1_base64="lTWI+oH0DbDpMX2/M1jACWt4mcU=">AAAB/XicbZDLSgMxFIYz9Vbrbbzs3ASLUBHKTBV0WezGZQV7gXYYMumZNjRzIckIdSi+ihsXirj1Pdz5NmbaWWjrgYSP/z+HnPxezJlUlvVtFFZW19Y3ipulre2d3T1z/6Ato0RQaNGIR6LrEQmchdBSTHHoxgJI4HHoeONG5nceQEgWhfdqEoMTkGHIfEaJ0pJrHvWBc1zJ7nP7DDfcjFyzbFWtWeFlsHMoo7yarvnVH0Q0CSBUlBMpe7YVKyclQjHKYVrqJxJiQsdkCD2NIQlAOuls+yk+1coA+5HQJ1R4pv6eSEkg5STwdGdA1Eguepn4n9dLlH/tpCyMEwUhnT/kJxyrCGdR4AETQBWfaCBUML0rpiMiCFU6sJIOwV788jK0a1X7olq7uyzXb/I4iugYnaAKstEVqqNb1EQtRNEjekav6M14Ml6Md+Nj3low8plD9KeMzx9FkZPR</latexit>

C <latexit sha1_base64="re76Zkt0iSC9uIARbCEdpPGTKdg=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHbRRI9ELh4hkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj2txvP6HSPJYPZpKgH9Gh5CFn1FipUesXS27ZXYCsEy8jJchQ7xe/eoOYpRFKwwTVuuu5ifGnVBnOBM4KvVRjQtmYDrFrqaQRan+6OHRGLqwyIGGsbElDFurviSmNtJ5Ege2MqBnpVW8u/ud1UxPe+lMuk9SgZMtFYSqIicn8azLgCpkRE0soU9zeStiIKsqMzaZgQ/BWX14nrUrZuypXGtel6l0WRx7O4BwuwYMbqMI91KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AJczjMs=</latexit>

Measured CMB TT angular power spectrum



Dark matter and the CMB
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More radiation during recombination 

        More CMB power 

   

RadiationBaryons

CDMln ⇢

<latexit sha1_base64="kmQHkahXUYHiSRiASXNv76yULts=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48VTFtoQtlsN+3SzW7c3Qgl9E948aCIV/+ON/+N2zYHbX0w8Hhvhpl5UcqZNq777ZTW1jc2t8rblZ3dvf2D6uFRW8tMEeoTyaXqRlhTzgT1DTOcdlNFcRJx2onGtzO/80SVZlI8mElKwwQPBYsZwcZK3YALFKiR7Fdrbt2dA60SryA1KNDqV7+CgSRZQoUhHGvd89zUhDlWhhFOp5Ug0zTFZIyHtGepwAnVYT6/d4rOrDJAsVS2hEFz9fdEjhOtJ0lkOxNsRnrZm4n/eb3MxNdhzkSaGSrIYlGccWQkmj2PBkxRYvjEEkwUs7ciMsIKE2MjqtgQvOWXV0n7ou416pf3jVrzpoijDCdwCufgwRU04Q5a4AMBDs/wCm/Oo/PivDsfi9aSU8wcwx84nz/EII/N</latexit>

ln a

<latexit sha1_base64="0otasz9+TpElRN0jilmkr3fdXxg=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cKpi20oUy2m3bpZhN2N0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemAqujet+O6W19Y3NrfJ2ZWd3b/+genjU0kmmKPNpIhLVCVEzwSXzDTeCdVLFMA4Fa4fju5nffmJK80Q+mknKghiHkkecorGS3xOSYL9ac+vuHGSVeAWpQYFmv/rVGyQ0i5k0VKDWXc9NTZCjMpwKNq30Ms1SpGMcsq6lEmOmg3x+7JScWWVAokTZkobM1d8TOcZaT+LQdsZoRnrZm4n/ed3MRDdBzmWaGSbpYlGUCWISMvucDLhi1IiJJUgVt7cSOkKF1Nh8KjYEb/nlVdK6qHuX9auHy1rjtoijDCdwCufgwTU04B6a4AMFDs/wCm+OdF6cd+dj0Vpyiplj+APn8wdjxo5r</latexit>

Radiation era: Oscillatory decay

Matter era: constant in time
 

<latexit sha1_base64="gFjGZ8qGXqfMeHDuuxlyurriK6g="></latexit>

�

<latexit sha1_base64="I01pZhU9tT0ed/EzRRyaxecwIfo="></latexit>

“Energy transfer” to photons Increase CMB power
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MOND: �

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

Aµ

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

(timelike)

Galaxies ok

Lensing ok

� = �̄+ '

<latexit sha1_base64="y/tMbEzVngul/NJ7TNaUHiycnVc="></latexit>

MOND FLRW cosmology? �̄(t)

<latexit sha1_base64="+CNNy6nFe70o2VzEYWLdBzQ9jiE="></latexit>

Energy density

What are the possibilities?

⇢�

<latexit sha1_base64="lKF52Smb3my3cpYq9Ic1QqoRLdc=">AAADVHi cdZLfbtMwFMa9hsEIsD9wyY1FhcRVlYx2K3fbmDSkrtMq0W2oqa ITx22sOU5kO0OVlafgFl4LiXfhAictUpeBpSifvt93dI6TE+WcKe15vzZazqPNx0+2nrrPnr/Y3tnde3mlsk ISOiYZz+RNBIpyJuhYM83pTS4ppBGn19Htx4pf31GpWCY+60VOp ynMBZsxAtpaXwKZZGGQJyzcbXudDwfve/sHuBaH3kp0+z72O1592mh1LsO9Vi+IM1KkVGjCQamJ7+V6akBqR jgt3aBQNAdyC3M6sVJAStXU1BOX+K11YjzLpH2ExrW7XmEgVWqR RjaZgk5Uk1Xmv9ik0LP+1DCRF5oKsmw0KzjWGa6uj2MmKdF8YQUQyeysmCQggWj7kdxA0K8kS1MQsQnmEuLS BHeUmEBAxKEs7weGBHhpTGBfeNiEozU4asLBiUWD8KTpHydVSQ LaHJcPuuW6gprxmJphGebNQD1jVGXy6ifY9o0At2sRg6oSSxmqB4OtTT1owtM1eNqEZxelOQsvGu75Wsm5LXF du2h/twn/X1ztd/xupzfqto/6q5XbQq/RG/QO+egQHaFP6BKNE UEp+oa+ox+tn63fjuNsLqOtjVXNK3TvONt/AG5WG00=</latexit>



W. Hu, ApJ 506, 485 (1998) 
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D. Thomas, M. Kopp, CS, S. Ilic, PRL120, 221102 (2018) 

8 pixels in log-a

!g = ⇢DMa3
<latexit sha1_base64="5qabmkDoSnlGqtPgmxgrVVPsFtc=">AAADBXicdZJdaxNBFIYn60dr/Er1UpDBIHgVdluhvSkUlWJbChVMm5KNy9nJSTJ0PpaZWSUseyf4XwSvLN76E7zuv3E2zYXpugcGXt7zzJyZMyfNBLcuDK9awa3bd+6urd9r33/w8NHjzsaTU6tzw7DPtNBmkIJFwRX2HXcCB 5lBkKnAs/TibZU/+4zGcq0+unmGIwlTxSecgfNW0nkea4lTSKZ0l8ZmppOiiI2k747LksKnraTTDXvhImhdREvRJcs4STZaf+KxZrlE5ZgAa4dRmLlRAcZxJrBsx7nFDNgFTHHopQKJdlQsHlLSl94Z04k2filHF+6/OwqQ1s5l6kkJbmZv5irzf7lh7iY7o4KrLHeo2HWhSS6o07TqCh1zg8yJuRfADPd3pWwGBpjzvWvHCr8wLSWocREPGIiyiFHZ3GBVy XfMW3RQluUqed5AnnuSrqL7Deh+7dCDBvKgRh42kIc18qiBPKpIPwLRzQ+vi9PNXrTV2/zwurv3ZjkM6+QZeUFekYhskz3ynpyQPmHkK/lOfpLL4FvwI7gMfl2jQWu55ylZieD3X+w0/bM=</latexit>

effective FLRW cosmology is GR + “dust”

From equality to recombination:

S. Ilic, M. Kopp, CS, D. Thomas, arXiv:2004.09572 

P = w⇢

<latexit sha1_b ase64="77jQ++wuwJs5Mp317woMwgYXqog=">AAADVXicdZLfatswFMZVp+u67E/b7XI3YmGwq2B3SZtdDNqu0EGaksDSlsXBHMtKLCrLRpJbgvBb7HZ7rbGHGUxOMnDdTWD88f2+wzmyT5hxp rTr/tpwGpuPth5vP2k+ffb8xc7u3stLleaS0DFJeSqvQ1CUM0HHmmlOrzNJIQk5vQpvPpX86pZKxVLxRS8yOk1gL tiMEdDW+jrEH/Ed9mWcBrstt/3h4H13/wAvxaG7Fp2eh722uzwttD7DYM/p+lFK8oQKTTgoNfHcTE8NSM0Ip0XTzxXNgNzAnE6sFJBQNTXLkQv81joRnqXSPkLjpVutMJAotUhCm0xAx6rOSvN fbJLrWW9qmMhyTQVZNZrlHOsUl/fHEZOUaL6wAohkdlZMYpBAtP1KTV/QO5ImCYjI+HMJUWH8W0qMLyDkUBT3AwM CvDDGty88qMNRBY7qsH9iUT84qfvHcVkSgzbHxYNumS6hZjyiZlAEWT2wnDEsM1n5E2z7WoDbvYhAlYmVDNSDwSpT9+vwtAJP6/DsojBnwUXNPa+UnNuSZtMu2t9twv8Xl/ttr9Pujjqto9565 bbRa/QGvUMeOkRH6DMaojEiSKBv6Dv64fx0fjc2G1urqLOxrnmF7p3Gzh/XzRq/</latexit>

Generalized Dark Matter
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9 pixels in log-a

effective linear cosmology is GR + “dust”

Between 0 < z < 1000

S. Ilic, M. Kopp, CS, D. Thomas, arXiv:2004.09572 

0 < k . 0.1(hMpc)�1

<latexit sha1_base64="FyfH6bEROMnDmWuG5fv2zknqNLI=">AAADTnicdZJNb9NAEIa3Lh8hfKX0wIEDKyKkciCyS9 qmEoe2VCpSlKqRSFspDtZ4vUlWWa8t77ooWu2RX8MV/gdX/gg3BGsnSKkLI1n7ap53NOPdCVPOpHLdH2vO+q3bd+7W7tXvP3j46HFj48m5TPKM0AFJeJJdhiApZ4IOFFOcXqYZhTjk9CKcvSv4xRXNJEvEBzVP6SiGiWBjRkDZVNB47uK3eIZ9TqWULMZuy8NbU9xLyauP+rVngkbTbe3vvtnZ3sWl2HOXot3xsNdyy2iiZZwFG85TP0p IHlOhCAcph56bqpGGTDHCqan7uaQpkBlM6NBKATGVI13+icEvbSbC4ySzn1C4zK5WaIilnMehdcagprLKiuS/2DBX485IM5HmigqyaDTOOVYJLq4FRyyjRPG5FUAyZmfFZAoZEGUvr+4L+okkcQwi0v4kg8ho/4oS7QsIORhz3dAjwI3Wvj1wrwr7K7Bfhd0ji7rBUTV/OC1KpqD0obnRLVUFVIxHVPdMkFYN5Yxh4UmLR7DtKwZu1yUC WTgWMpA3BluZuluFxyvwuApPTo0+CU5NvW5X6e++4P+L8+2W127t9NvNg85yqWroGXqBtpCH9tABeo/O0AAR9Bl9QV/RN+e789P55fxeWJ21Zc0muhbrtT+JphfB</latexit>

L & 100Mpc

<latexit sha1_bas e64="vJFCrGWCo927JWOBzMgFlPEPSXY=">AAADQHicdZLNahsxEMeV7VfqftntoYdeRE2hJ7ObOIl7S9JACq5DDHUS8JplVivbIlrtImkTjNCj9Nq+R9+ib9Bb6bWnatcuOJt2QOjP/P7DDNLEOWdK+/73De/O3Xv3H2w+b Dx6/OTps2br+ZnKCknoiGQ8kxcxKMqZoCPNNKcXuaSQxpyex5fvS35+RaVimfikFzmdpDATbMoIaJeKmq2POJxpx1Mc+D4e5CRqt v3Ou93tna1dXIk9fyW6vQAHHb+KNlrFadTyXoZJRoqUCk04KDUO/FxPDEjNCKe2ERaK5kAuYUbHTgpIqZqYanaL37hMgqeZdEdoXGXXKwykSi3S2DlT0HNVZ2XyX2xc6GlvYpjIC00FWTaaFhzrDJcPgRMmKdF84QQQydysm MxBAtHuuRqhoNckS1MQiQlnEhJrwitKTCgg5mDtTcOAALfGhO7CgzocrsFhHfYPHepHh/X8wbwsmYM2B/ZWt1yXUDOeUDOwUV43VD PGpScvP8G1rxm4W5AEVOlYykjdGmxt6n4dHq3Bozo8PrHmODqxjYZbpb/7gv8vzrY6QbezM+y293urpdpEr9Br9BYFaA/tow/oFI0QQdfoM/qCvnrfvB/eT+/X0uptrGpeoBvh/f4DodYUdA==</latexit>

�P ⇠ c2s�⇢

<latexit sha1_base64="y+IytdlV 3xvBaGKsWKAF/UCK0WU=">AAADbHicdZLfbtMwFMa9lj+j/OuAuwlhUYG4qpLSbuVuG5OG1HVqJbpNakp04riNNceJbGeosnLJ0 3ALD8NL8Aw4aZG6DCxF+fT9vqNz4pwg5Uxpx/m1VavfuXvv/vaDxsNHj588b e48O1dJJgmdkIQn8jIARTkTdKKZ5vQylRTigNOL4OpjwS+uqVQsEZ/1MqWzGBaCzRkBbS2/+coLKdeAR9hTLMbEV186eOV5Mkqw 32w57Q9773udPVyKfWctun0Xu22nPC20PiN/p9bzwoRkMRWacFBq6jqpnhmQ mhFO84aXKZoCuYIFnVopIKZqZsovyfEb64R4nkj7CI1Ld7PCQKzUMg5sMgYdqSorzH+xaabn/ZlhIs00FWTVaJ5xrBNcXAsOmaR E86UVQCSzs2ISgQSi7eU1PEG/kiSOQYTGW0gIc+NdU2I8AQGHPL8ZGBLguT GefeFhFY434LgKB0cWDfyjqn8YFSURaHOY3+qW6gJqxkNqhrmfVgPljEGRSYufYNtXAtyuSwiqSKykr24NtjH1oAqPN+BxFZ6c5 ebEP6u4pxslp7ak0bCL9neb8P/Feaftdtu9cbd10F+v3DbaRa/RO+SifXSAP qERmiCCvqHv6Af6Wftdf1Hfrb9cRWtb65rn6Mapv/0Doe4ihQ==</latexit>
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? Relativistic (FRW + linear) regime

Non-relativistic regime

AQUAL: Bekenstein & Milgrom 1984

Effective description: dust (e.g. CDM)

GRAVITY?

Correct lensing: Sanders vector field (1997)
TeVeS: Bekenstein (2004)

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



Cosmological dust density from a scalar?

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

Shift-symmetric k-essence:
X = ˙̄�2

<latexit sha1_base64="ishUYmt76W+VytYIB2JVqP0ayBw=">AAAD1XicdZLNbhMxEMfdLB8lfKWtxIWLRYTEKdqEtA0HpLZUDWqaqpFIkyobVl6vk1j1eldrb1FkfENceQcuHOCFeBu8SZC2Doxk7Wh+//HMeCdIGBXSdX9vlJw7d+/d33xQfvjo8ZOnla3tSxFnKSZ9HLM4HQZIEEY56UsqGRkmKUFRwMgguH6X88ENSQWN+Qc5T8g4QlNOJxQjaUJ+5dkQvoVeGEvlBShVXjKjWn9s+JWqW3uz93q3sQcXzr67cpqtOqzX 3IVVwcou/K3SD3MLziLCJWZIiFHdTeRYoVRSzIgue5kgCcLXaEpGxuUoImKsFgNo+NJEQjiJU3O4hItoMUOhSIh5FBhlhORM2CwP/ouNMjlpjRXlSSYJx8tCk4xBGcP8NWBIU4IlmxsH4ZSaXiGeoRRhad6s7HHyCcdRhHiovGmKQq28G4KVx1HAkNa3BV2MmFbKMx/YtWGvAHs27BwZ1PGP7PjhLE+ZIakO9Vq1ROZQUhYS1dV+YgsWPQa5Jsl/gilvCZjZkhCJXLF0fbHWWKHrjg2PC/DYhu1zrdr+uRU9K6Sc2SlXBXi1dp+ZdjVs22YnhcQTG54W4KmBZbPaf/cX/t+5bNTqzdpur1k9 aK2WfBM8By/AK1AH++AAvAcXoA8w+Ay+g5/glzNwtPPF+bqUljZWOTvgljnf/gCDKE5L</latexit>

L ⇠ K2 (X �X0)
2

<latexit sha1_base64="NpAzhjqCv/U8JtXXlgOVR54K/k8="></latexit>

With

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=">AAAD5XicbZJNb9MwGMe9hpdR3rpx5GJRgbhQpdMQO+5NK1rXaZXoXtRUkeO4jTXHiWxno7L8DeCGuHLkzhW+CN8Gp80hc7EU5dH/9//Hj50nyhmVyvf/rjW8e/cfPFx/1Hz85Omz562NzXOZFQKTEc5YJi4jJAmjnIwUVYxc5oKgNGL kIro+KPnFDRGSZvyTmudkkqIZp1OKkbJS2HqThNr3DQwEnSUKCZHdwkp6B7eCOFM6+ExN2Gr7HX+x4GrRrYo2qNZZuNH4acO4SAlXmCEpx10/VxONhKKYEdMMCk lyhK/RjIxtyVFK5EQvDmTga6vEcJoJ+3AFF2o9oVEq5TyNrDNFKpEuK8X/sXGhpjsTTXleKMLxcqNpwaDKYHk7MKaCYMXmtkBYUNsrxAkSCCt7h82Ak1ucpSnisQ5mAsVGBzcE64CjiCFj7hoGGDGjdWBfcODCYQ0OXdjft6gf7rv6XlJGEqT0nlnZLVclVJTFRA9MmLuGRY9 R6cnLn2C3dwzMTk2MZOlYlqFcaazWdd+FhzV46MLeqdG98NRRT2qREzdyVYNXK9+zp60O23PZUS145MLjGjy2sGlHu+sO8mpxvtXpbnfeD7fbuzvVkK+Dl+AVeAu 64APYBR/BGRgBDL6AX+A3+OPNvK/eN+/70tpYqzIvwJ3l/fgHtHdUAg==</latexit>

' ! '+Q0⇠

<latexit sha1_base64="UPRrp5i0/H4NGq8Nj96RG/PQaSk=">AAAEynicxZNbb9MwFMe9LbBRbt145MWiQgIhVSkaYo+7aUVrO60S3a2pIsdxE2vORbbTUVl+44UnPg2v 8Dn4NjhtkTKHd44U5eT/+5/4+BbkjArpur/X1jecBw83tx41Hj95+ux5c3vnQmQFx2SEM5bxqwAJwmhKRpJKRq5yTlASMHIZ3B6V/HJGuKBZ+lnOcz JJUJTSKcVIGslvvvVmiOcxhR6nUSwR59kd/Ku9g94QI+a70PtC/WbLbbuLgPWks0paYBXn/vbGNy/McJGQVGKGhBh33FxOFOKSYkZ0wysEyRG+RREZmzRFCRETtZiThq+NEsJpxs2TSrhQqxUKJULMk8A4EyRjYbNS/BcbF3K6N1E0zQtJUrwcaFowKD NYLhAMKSdYsrlJEObU9ApxjDjC0ixjw0vJHc6SBKWh8iKOQq28GcHKS1HAkNb3DQOzelopz7zgwIbDChzasHdoUM8/tPWDuCyJkVQHujZaLksoKQu JGmg/tw2LHoPSk5ebYIa3DMwcnBCJ0rFMfVFrrNJ1z4bHFXhsw+6ZVl3/zFL7lZK+XXJdgde1/5nZribbtdlJpfDEhqcVeGrDmwq8sWEUYa0i32CewPJDa1iGtQ9HWg3qpv8XjYa5vB37qtaTi/ftzm77w3C3tb+3usZb4CV4Bd6ADvgI9sEncA5GAIPv 4Af4CX45fYc7c0ctretrq5oX4F44X/8AFNuKgQ==</latexit>

FLRW: scalar acts as effective “dust”

Cosmological MOND analogue (Lagrangian):K(Q) = K2 (Q�Q0)
2 + . . .

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

PROPOSAL

Q

<latexit sha1_base64="4gMfz3zHCjLKY6kGfDLW Y4DMu/s=">AAAB8HicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoseiF48t2A9pl5JNs21okl2SrFCW/govHhTx6s/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61TJxqypo0FrHuhMQwwRVrWm4F6ySaERkK1g7HdzO//cS04bF6sJOEBZIMF Y84JdZJj1mPEoEbU9wvV7yqNwdeJX5OKpCj3i9/9QYxTSVTlgpiTNf3EhtkRFtOBZuWeqlhCaFjMmRdRxWRzATZ/OApPnPKAEexdqUsnqu/JzIijZnI0HVKYkdm2ZuJ/3nd1EY3QcZVklqm6GJRlApsYzz7Hg+4ZtSKiSOEau5uxXRENKHWZVRyIfjLL6+S1kXVv6xeNS4rtds8jiKcwCmcgw/XUIN7qEMTKEh4hld4Qxq9oHf0sWgtoHzm GP4Aff4AFDmP8Q==</latexit>

Q0

<latexit sha1_base64="IA3YS437a6NmwuxMP4mYm8MKAXo=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cW7Ae2oWy2m3bpZhN2J0IJ/RdePCji1X/jzX/jts1BWx8MPN 6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GdzO//cS1EbF6wEnC/YgOlQgFo2ilx6zHqCSNad/tlytu1Z2DrBIvJxXIUe+Xv3qDmKURV8gkNabruQn6GdUomOTTUi81PKFsTIe8a6miETd+Nr94Ss6sMiBhrG0pJHP190RGI2MmUWA7I4ojs+zNxP+8borhjZ8JlaTIFVssClNJMCaz98lAaM5QTiyhTAt7K2EjqilDG1LJhuAtv 7xKWhdV77J61bis1G7zOIpwAqdwDh5cQw3uoQ5NYKDgGV7hzTHOi/PufCxaC04+cwx/4Hz+AOS9kGo=</latexit>

K(Q)

<latexit sha1_base64="K7B72JsYehEzFQv72Sfp77xYrfo=">AAAB+3icbZDLSsNAFIZPvNZ6i3XpZrAIdVMSqeiy6EZw04K9QBvKZDpph04mYWYilpBXceNCEbe+iDvfxmmbhbb+MPDxn3M4Z34/5kxpx/m21tY3Nre2 CzvF3b39g0P7qNRWUSIJbZGIR7LrY0U5E7Slmea0G0uKQ5/Tjj+5ndU7j1QqFokHPY2pF+KRYAEjWBtrYJfSPsEc3WeVBTSz84FddqrOXGgV3BzKkKsxsL/6w4gkIRWacKxUz3Vi7aVYakY4zYr9RNEYkwke0Z5BgUOqvHR+e4bOjDNEQSTNExrN3d8TKQ6Vmoa+6QyxHqvl2sz8r9ZLdHDtpUzEiaaCLBYFCUc6QrMg0JBJSjSfGsBEMnMrImMsMdEmrqIJwV3+8iq0L6purXrZrJXrN3kcBTiBU6iAC1dQhztoQAsIPMEzvMKblVkv1rv1sWhds/KZY/gj6/MHv4aTnA==</latexit>

“Higgs phase” for gravity

Q = Âµrµ� ! ˙̄�

<latexit sha1_base64="iL2Ffz2y6DDglIiiqjuab3i2lJg="></latexit>



Higgs phase: “effective dust”

⇢ =
Q0I0
a3

+ . . .

<latexit sha1_base64="EbnzN4CEodComcNbEPQlm6DF8II=">AAACDHicbVDLSgMxFM34rPVVdekmWARBKDNa0Y1QdKO7FuwDOuOQSTNtaCYZkoxQhvkAN/6KGxeKuPUD3Pk3pu0stPVA4HDOudzcE8SMKm3b39bC4tLyymphrbi+sbm1XdrZbSmRSEyaWDAhOwFShFFOmppqR jqxJCgKGGkHw+ux334gUlHB7/QoJl6E+pyGFCNtJL9UduVAwEvohhLhtOHb8Na3sxTdn2bwGLqsJ7QyKbtiTwDniZOTMshR90tfbk/gJCJcY4aU6jp2rL0USU0xI1nRTRSJER6iPukaylFElJdOjsngoVF6MBTSPK7hRP09kaJIqVEUmGSE9EDNemPxP6+b6PDCSymPE004ni4KEwa1gONmYI9KgjUbGYKwpOavEA+QqUWb/oqmBGf25HnSOqk41cpZo1quXeV1FMA+OABHwAHnoAZuQB00AQaP4Bm8gjfryXqx3q2PaXTBymf2wB9Ynz8vXJnS</latexit>

w =
w0

a3
+ . . .

<latexit sha1_base64="rf72/A/+KT9/Jma03Nk+3bPkF5M=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBZBEEqiFd0IRTcuK9gHNDFMppN26GQSZiaWErJx46+4caGIW//BnX/jtM1CWw9cOJxzL/fe48eMSmVZ30ZhYXFpeaW4Wlpb39jcMrd3m jJKBCYNHLFItH0kCaOcNBRVjLRjQVDoM9LyB9djv/VAhKQRv1OjmLgh6nEaUIyUljxzfwgvoRMIhNOhZ2Upuj/N4DF0WDdS0jPLVsWaAM4TOydlkKPumV9ON8JJSLjCDEnZsa1YuSkSimJGspKTSBIjPEA90tGUo5BIN518kcFDrXRhEAldXMGJ+nsiRaGUo9DXnSFSfTnrjcX/vE6iggs3pTxOFOF4uihIGFQRHEcCu1QQrNhIE4QF1bdC3Ec6EqWDK+kQ7NmX50nzpGJXK2e31XLtKo+jCPbAATgCNjgHNXAD6qABMHgEz+AVvBlPxovxbnxMWwtGPrML/sD4/AHc95eM</latexit>

c2ad =
2w0

a3
+ . . .

<latexit sha1_base64="7PdFi+FYFTuZpo7yzR2ZfroYX6s=">AAAFI3iczVRdaxNBFJ22q9b41eqjL4NBEISwSSv2pVAiNEKgNGDalEwa7s5O0qGzs8vMbEsY5gf4Q3z2VX+Db+KLD777M5xsg2Q3vtcDyx7uOcOcvXu5USa4NmH4c219I7hz997m/dqDh48eP9  QFyI2YO</latexit>

Adiabatic sound speed

Equation of state

Density

FLRW EOM:
d

dt

✓
dK
dQ

◆
= 0

<latexit sha1_base64="gqST46pYKx9FJNBlP1UiPSLmTqw="></latexit>

Initial condition
) ˙̄� = Q0 +

I0
a3

<latexit sha1_base64="ly/Cgs73tU3ESbcom2tFbLvPzz4="></latexit>

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>



S =

Z
d4x

p
�g

16⇡G̃


R� KB

2
F̂µ⌫ F̂µ⌫ + 2(2�KB)Ĵ

µrµ�� (2�KB)Y � F(Y,Q)� �(ÂµÂµ + 1)

�
+ Sm[g]

<latexit sha1_base64="/hR+7DVLNyHUHy0rUZI47COzLB0="></latexit>

Simple relativistic MOND
Ingredients: gµ⌫

<latexit sha1_base64="0JWPo4rsPSrECCxG0Tb/MvIFQ9A=">AAADN3icdZLNbtNAEMe3Lh/FfLXlwIHLigiJU2SXtA23tlQqUpSqkUhbEUfWeL1JVl2vrd11UbTat+AK78GjcOKGuPIGrJ0gpS6MtPJf8/uPZnY9ScGZ0kHwfc1bv3P33v2NB/7DR4+fPN3c2j5XeSkJHZK c5/IyAUU5E3Someb0spAUsoTTi+TqXcUvrqlULBcf9Lyg4wymgk0YAe1SH6exibIyEqWNN1tB++3em92dPVyL/WApOt0Qh+2gjhZaxlm85T2P0pyUGRWacFBqFAaFHhuQmhFOrR+VihZArmBKR04KyKgam3pki1+5TIonuXRHaFxnVysMZErNs8Q5M9Az1WRV8l9sVOpJd2yYKEpNBVk0mpQc6xxX98cpk5RoPncCiGR uVkxmIIFo90p+JOgnkmcZiNREUwmpNdE1JSYSkHCw9qahT4BbYyL3wf0mHKzAQRP2jhzqxUfN/OGsKpmBNof2VrdCV1AznlLTt3HRNNQzJpWnqH6Ca98wcLcXKajKsZCxujXYytS9JjxegcdNeHJqzUl8an3frdLffcH/F+c77bDT3h10Wgfd5VJtoBfoJXqNQrSPDtB7dIaGiCCBPqMv6Kv3zfvh/fR+Laze2rLmGboR 3u8/2w4S6Q==</latexit>

�

<latexit sha1_ base64="uIdZHwVb588oA8nxj05PvmOQ6Do=">AAADMXicdZLdatswFMdVdx+d99VuF7vYjVgY7Co4bd pmd21X6CCkNLC0hTiYY1mJRWVZSHJLEH6F3W7vsafp3djtXmKyk0HqbgeE/5zf/3CO5BNLzrQJgts1b/3Bw0ePN574T589f/Fyc+vVuc4LReiI5DxXlzFoypmgI8MMp5dSUch iTi/iq08Vv7imSrNcfDFzSScZzASbMgKmSoUyZdFmK2h/3NvZ3d7DtdgPlqLb6+BOO6ijhZZxFm15b8Ik J0VGhSEctB53AmkmFpRhhNPSDwtNJZArmNGxkwIyqie2HrbE710mwdNcuSMMrrOrFRYyredZ7JwZmFQ3WZX8FxsXZtqbWCZkYaggi0bTgmOT4+rmOGGKEsPnTgBRzM2KSQoKi HHv44eC3pA8y0AkNpwpSEobXlNiQwExh7K8axgQ4KW1ofvgQRMOV+CwCftHDvWjo2b+MK1KUjD2sLzXT ZoKGsYTagdlJJuGesa48sjqJ7j2DQN3G5GArhwLGel7g61M3W/C4xV43IQnp6U9iU5L33er9Hdf8P/F+Xa7023vDrutg95yqTbQW/QOfUAdtI8O0Gd0hkaIoBR9Rd/Qd++Hd+v 99H4trN7asuY1uhPe7z+YkhAP</latexit>

Tensor speed = 1
Skordis & Zlosnik (2019)

Âµ

<latexit sha1_base64="XH+r0na9CFWnMSDwzHPe5BFU/HI=">AAADxHicdZLdbtowFMddso +OfbXb5W6soUm7QqGjLbsrXQVTKVWRRmlFUHTiGLBwnCh2OiEre4fdbg+wZ9rbzAEmpWazFOXo/P5/n3OSEyScSe W6v3cqzoOHjx7vPqk+ffb8xcu9/VfXMs5SQock5nF6E4CknAk6VExxepOkFKKA01Gw+FTw0R1NJYvFF7VM6CSCmWBTRkCZ1Mhrz30vyvy9mlv/ePTh8OAIr4JjdxM0Ww3cqLurU0Obc+XvV355Y UyyiApFOEg5briJmmhIFSOc5lUvkzQBsoAZHZtQQETlRK/6zfE7kwnxNE7NIxReZcsODZGUyygwygjUXNqsSP6Lj TM1bU00E0mmqCDrQtOMYxXjYngcspQSxZcmAJIy0ysmc0iBKPOJqp6gX0kcRSBC7c1SCHPt3VGiPQEBhzy/L+gT4LnWnnnhvg0HJTiwYe/UoJ5/aufb88IyB6Xb+Va1RBVQMR5S3c/9xBasegwK TVL8BFPeEnCzFCHIQrEOfbnVWKnrng3PSvDMht3LXHf9Syt7UbJc2JbbErzdus9Muxm2a7NOydix4XkJnhtYNav9 d3/x/4Prg3qjWT8cNGsnrc2S76I36C16jxroGJ2gz+gKDRFBC/Qd/UA/nY7DHelka2llZ+N5je4d59sfxSVIAA==</latexit>

F̂µ⌫ = rµÂ⌫ �r⌫Âµ

<latexit sha1_base64="48k+kQAvdqhgOFqjmdq7TEwSt0I="></latexit>

Ĵµ = Â⌫r⌫Âµ

<latexit sha1_base64="8qb70bz/P2uDXBfOuKBP8slw4g4="></latexit>

Skordis & Zlosnik, astro-ph/2007.00082v2

Y =
⇣
gµ⌫ + ÂµÂ⌫

⌘
rµ�r⌫� ! |~r'|2

<latexit sha1_base64="Irv18rJ3ZuOGck9MVSFkEl3Trhk="></latexit>

Q = Âµrµ� ! ˙̄�

<latexit sha1_base64="PWXfF365UII1gsIap2YeeW8krBI="></latexit>

Spatial dependence

Time dependence



S =

Z
d4x

p
�g

16⇡G̃


R� KB

2
F̂µ⌫ F̂µ⌫ + 2(2�KB)Ĵ

µrµ�� (2�KB)Y � F(Y,Q)� �(ÂµÂµ + 1)

�
+ Sm[g]

<latexit sha1_base64="/hR+7DVLNyHUHy0rUZI47COzLB0="></latexit>

FLRW cosmology Skordis & Zlosnik, astro-ph/2007.00082v2� = �̄(t)

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

K(Q̄) = �1

2
F(0, Q̄)

<latexit sha1_base64="NFiGX9VErvThLsAJb0UQcc9DgoM="></latexit>

S =
1

8⇡G̃

Z
d
4
xa

3
⇥
�3H2 +K(Q̄)

⇤
+ Sm[g]

<latexit sha1_base64="kTStfa8GsFJfjgXwU8t4ZjaH1aw="></latexit>

Dust solutionsK = �2⇤+K2(Q̄�Q0)
2 + . . .

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



S =

Z
d4x

p
�g

16⇡G̃


R� KB

2
F̂µ⌫ F̂µ⌫ + 2(2�KB)Ĵ

µrµ�� (2�KB)Y � F(Y,Q)� �(ÂµÂµ + 1)

�
+ Sm[g]

<latexit sha1_base64="/hR+7DVLNyHUHy0rUZI47COzLB0="></latexit>

Skordis & Zlosnik, astro-ph/2007.00082v2

 = �

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

Constraint:
Lensing ok

Quasistatic weak-field limit � = Q0t+ '(~x)

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

µ2 =
2K2

2�KB
Q2

0

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

µ�1 & Mpc

<latexit sha1_base64="KTKruQSPfEkJ2uF2OARvx+bVpKA=">AAADYXicdZJda9swFIbVeB+t95V2u+uNWBjsZsHukja7a7tCB2lKA0tb iDNzLCuJqCQbS+7IhP/Lbrd/tOv9kclJBq67CYRf3uc9nIN8opQzpT3v10bDefDw0ePNLffJ02fPXzS3dy5VkmeEjkjCk+w6AkU5k3Skmeb0Os0oiIjTq+jmY8mvbmmmWCI/60VKJwJmkk0ZAW2tsPkqEPkX884vcDDTNibwICVhs+W1P+y/7+7t46U48Nai0/Ox3/aWp4XW5yLcbnSDOCG5oFITDkqNfS/VEwOZZoTTwg1yRVMgNzCjYyslCKomZjl+gd9YJ8bTJLNXarx0qxUGhFILEdmk AD1XdVaa/2LjXE97E8NkmmsqyarRNOdYJ7h8CxyzjBLNF1YAyZidFZM5ZEC0fTE3kPQrSYQAGZtglkFcmOCWEhNIiDgUxd3AgAAvjAnsBw/qcFiBwzrsH1vUD4/r/tG8LJmDNkfFvW6pLqFmPKZmUIRpPbCcMSozafkTbPtagNsdiUGViZUM1b3BKlP36/CkAk/q8PS8MKfhec09q5Sc2RLXtYv2d5vw/8XlXtvvtLvDTuuwt165TbSLXqO3yEcH6BB9QhdohAj6hr6jH+hn47ez5TSdnVW0 sbGueYnuHGf3D1yBHpA=</latexit>

�
µ . 6⇥ 10�30eV

�

<latexit sha1_base64="SGNSQkpKRcQaXbT0ctndYJp9Ssw=">AAAEz3icxZNbb9MwFMe9LcAotw4eebGokMYDVb J1XXnbTSta12mVaHdLiRzHTa05F8XOpsoy4nXvfBpe4UvwbXDaImUuPHOkKP+c3//kHDuxnzLKhW3/WlpesR48fLT6uPLk6bPnL6prLwc8yTNM+jhhSXbuI04YjUlfUMHIeZoRFPmMnPnX+wU/uyEZp0n8SUxSMoxQGNMRxUjolFetu4yMx Dp0oxxqyTmnEWy6gkaEQ8f+LN9v2gqSgZvRcCzeedWaXf/Q3NzaaMKp2LbnotFyoFO3p1ED8zj11lbu3CDBeURigRni/MqxUzGUKBMUM6Iqbs5JivA1CsmVljHSjYdyujAF3+pMAEdJpq9YwGm2XCFRxPkk8rUzQmLMTVYk/8aucjFqDSWN01yQGM8ajXIGRQKLXYIBzQgWbKIFwhnVs0I8RhnCQu9lxY3JLU6iCMWBdMMMBUq6NwRLN0Y+Q0rdN3QxYkpKV99g14S9EuyZsLOnUcfbM/O746JkjITcVQv dUlFAQVlAZFd5qWmYzugXnrT4CLq9YWD67wkQLxwz6fGFwUpTd0x4UIIHJmyfKNn2Tozscank2Cy5KMGLhffp1c4X2zbZYanw0IRHJXhkwssSvDRhGGIlQ0/jLILFg1KwCOM77CvZXTT9v6hU9OH9c0Lhv8Vgo+406lu9Rm2nNT/Gq+A1e APWgQO2wQ74CE5BH2DwDXwHP8BPq2fdWl+srzPr8tK85hW4F9bdbzkvi+0=</latexit>

S =

Z
d4x

⇢

<latexit sha1_base64="3qVx/ixfaYXUK8JpcIKK3Gt18LY="></latexit>

+16⇡G̃�⇢

)

<latexit sha1_base64="thF0BdQJWYuARca MxeFlWLqlpzI=">AAAD2nicdZJba9swFMfVeJcuu6Xt4/YgFgaDQbC7NM3e2qw0o2lKAksvRMHIshKLyhcsuSMIv/Rt7HWfYex1+zb7NpOTDFxlExj/Ob//8TlHPl7CmZC2/XujYt27/+Dh5qPq4ydPnz2vbW2fizhLCR2RmMfppYcF5SyiI8kkp5dJSnHocXrhXX8o+MUNTQWLo09yntBJiGcRmzKCpQ65tZdvodNCCYOoKyEaBFqkQYw6bDZDuVur2433rXd7uy24EPv2SjTbDnQa9uLUweoM3 K3Kd+THJAtpJAnHQowdO5EThVPJCKd5FWWCJphc4xkdaxnhkIqJWoyRw9c64sNpnOonknARLWcoHAoxDz3tDLEMhMmK4L/YOJPT9kSxKMkkjciy0DTjUMawuBPos5QSyedaYJIy3SskAU4xkfrmqiiin0kchjjyFZql2M8VuqFEoQh7HOf5XUOfYJ4rhfQL9k04LMGhCXsdjXpux4wfBkVKgKU6zNeqJbKAknGfqn7uJqZh0aNXeJLiJ+jyhoHrXfGxKBxL6Yq1xkpd90x4VIJHJuye5arrnhnR0 1LKqZlyVYJXa9/T066G7ZrsuJR4bMKTEjzRUG/23/WF/xfnuw2n2dgbNusH7dWOb4IX4BV4AxywDw7ARzAAI0DALfgBfoJfFrJurS/W16W1srHK2QF3jvXtD7p+T38=</latexit>

+2J (Y)

<latexit sha1_base64="Wg2KElbwpQvw+DX3kh6Z9qbkHWM="></latexit>

A0 = �1� 

<latexit sha1_base64="E4Hth1lkxe/asC1AlCXXcrS4gxI=">AAADzXicdZJdb9MwFIa9ho9RPtaNS24sKiRuViVbt5WLSeuYVrSuo5XoPtRUkeO4rTXHiWJnqDLhlh/BLfCf+Dc4aZEyF44U5eg875tz7Bw/ZlRI2/69VrEePHz0eP1J9emz5y82aptblyJKE0yGOGJRcu0jQRjlZCipZOQ6TggKfUau/Nv3Ob+6I4mgEf8k 5zEZh2jK6YRiJHXJq220PRsewm0HbkO3L6hXq9uNd/u7ezv7sEgO7GXSbDnQadhF1MEy+t5m5ZcbRDgNCZeYISFGjh3LsUKJpJiRrOqmgsQI36IpGemUo5CIsSomz+AbXQngJEr0wyUsqmWHQqEQ89DXyhDJmTBZXvwXG6Vy0horyuNUEo4XjSYpgzKC+TXAgCYESzbXCcIJ1bNCPEMJwlJfVtXl5DOOwhDxQLnTBAWZcu8IVi5HPkNZdl/Qw4hlSrn6BXsmHJTgwITdY4263rFZb89yywxJ1c5WusUyh5KygKhe5sWmoJjRzzVx/hN0e0PA9HoESOSKReqJlcFKU3dNeFKCJybsXGSq410Y1fOS5dy03JTgzcr39GmXh+2Y7LRkP DXhWQmeaag3++/6wv8nlzsNp9nYGzTrR63ljq+DV+A1eAsccACOwAfQB0OAQQq+gx/gp/XRSq0v1teFtLK29LwE98L69gfNlklv</latexit>

(2�KB)


|~r�|2 � 2~r�~r'+ |~r'|2

<latexit sha1_base64="aJDUwX2zWs4nd+Bm0j3XzFNdyEM="></latexit>

�µ2�2

<latexit sha1_base64="2nh6jS6KU4b6f7gU8C13n1dCqg8="></latexit>

�

<latexit sha1_base64="snzpdNmPohRUELpNs2QlgzbAQlU="></latexit>

J (Y) =
1

2
F(Y,Q0)

<latexit sha1_base64="2LjH5/YwwxuwoBtsyCUw8MXdD2c=">AAAD7nicdZLdbtMwFMe9ho9RPtbBJTcWFdImoZKUbisXSNuYWtSu0yrRbdVcRY7jttEcJ4qdocrKY8Ad4hLegVt4CN4Gpy0oc8FSnKPz+5+cjxwvZoGQtv1rrWTdun3n7vq98v0HDx9tVDYfn4koTQgdkIhFyYWHBWUBpwMZSEYv4oTi0GP03Lt6m/Pza5qIIOLv5SymoxBP eDAOCJba5VZeog7BbAsN9b0N30A0TjBRTqbqGUStv+gF6uvbtbfdStWuvd59tVPfhXNjz14ajaYDnZo9P1WwPKfuZukr8iOShpRLwrAQl44dy5HCiQwIo1kZpYLGmFzhCb3UJschFSM17yyDz7XHh+Mo0Q+XcO4tRigcCjELPa0MsZwKk+XOf7HLVI6bIxXwOJWUk0WiccqgjGA+JugHCSWSzbSBSRLoWiGZYj0bqYdZRpx+IFEYYu4rNEmwnyl0TYlCHHsMZ9lNQU+PLlMK6RfsmbBfgH0Tdg816 rqHpv9gmodMsVQH2Uq2WOZQBsynqpe5sSmY1+jlmjj/CTq9IWB6fXwscsXCdMVKYYWquyY8KsAjE7ZPMtV2TwzvcSHk2AwZFuBw5Xu622WzbZO1CoEtE3YKsKNhWa/2n/2F/zfO6jWnUdvpN6r7zeWSr4On4BnYAg7YA/vgHTgFA0DAR/Ad/AA/rdj6ZH22viykpbVlzBNw41jffgNVMVaz</latexit>

Galaxies ok
MOND

! Y3/2

a0
=

|~r'|3

a0

<latexit sha1_base64="Ye422zaFWpgvq2YRqIrrMla2Hps=">AAAEAHicdZJLb9NAEMe3NY8SHk3hyGVFhMQpOI+24YDUhqpBTVM1Emkbxam1Xm/iVdcP7W5SRVtf+DCoN8SVD8EV+DasHSO5DoxkeTS//3geHidiVEjT/L22bty7/+DhxqPS4ydPn22Wt56fiXDGMRngkIX8wkGCMBqQgaSSkYuIE+Q7jJw7Vx8Sfj4nXNAw+CQXERn7aBrQCcVI6pBdblucT j2JOA+voTXhCCtriBG7VI239ThWyDZj+D4jN9aUI9eaIx559OayscR2uWJW3+00tus7MHV2zcxptmqwVjVTq4DMTu2t9S+WG+KZTwKJGRJiVDMjOVaIS4oZiUvWTJAI4Ss0JSPtBsgnYqzSYWP4WkdcOAm5fgIJ02g+QyFfiIXvaKWPpCe KLAn+i41mctIaKxpEM0kCvCw0mTEoQ5hsDrqUEyzZQjsIc6p7hdhDei9S77dkBeQah76PAlela4qVNSd6mwFyGIrju4KeXnGslKVfsFeE/RzsF2G3rVHXbhfj+16S4iGp9uOVapFMoKTMJaoX21FRkPboJJoo+Qm6fEHA9EW5SCSKpWuLlcZyXXeL8CAHD4qwcxKrjn1SiB7nUo6LKcMcHK58T0+bDdspssNc4mERHuXgkYb6sv+eL/y/c1av1prV7X6zstfKbnwDvASvwBtQA7tgD3wEp2AAMLgFP8BP8 Mv4bNwaX41vS+n6WpbzAtwx4/sf1Ypg9w==</latexit>
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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>



Perturbations
� = �̄+ '

<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=">AAAFZnicxZTbbhMxEEA3bQMlQElBqA+8GKpKRRVREnoJD0i90aCmqVqJXuN05fU6u1a9F3mdVpXlL+Cz+Ar+gFf+AHuTSlsHnh lpteM5M/Z4xraXMpqJev1naWp6pvzo8eyTytNnz+deVOdfnmbJkGNyghOW8HMPZYTRmJwIKhg5TzlBkcfImXe9Y/jZDeEZTeJv4i4l/QgFMR1QjIQ2udXv0CdMIPAZADjgCMvGCrhVEvqJkDANqacAxMi/aup/gKIIVVbuHZVswZSCNkBXTQA9xCXkYaKMIzcRADIyED0AO9vgC1gZDZebH3ID5DQIxXs9eUjHg75bXazXPq1/XGuug1zZqI+V1VYDNGr1XBadsRy589M/dKJ4GJFYYIayrNeop6IvERcUM6IqcJiRFOFrFJCeVmMUkawv86opsKQtPhgkXH+xALm1GCFRlGV3ka7AUoREmNnMGP/GekMxaPUljdOhIDEeLTQYMiASYFoAfMoJFu xOKwhzqnMFOES6pkI3qgJjcosTXenYl3kldTduCJYwRh5DSj106GLElJS6Rwx0bXhcgMc27Gxr1HG3bftWaEJCJOSWmlgtFQYKynwiu8pNbYc8R8/4pKYJennLgemj6aPMeIxUN5tIrJB1x4a7Bbhrw/ahkm330LIeFEIO7JCLAryYmE/vdrzZts32CoF7NtwvwH0bXhbgpQ2DACsZuBrzCJiBvk9GrD7sKNmddPpf8jC5/NWQowdB6/YOsTnR2M1z16qq6Gt/f7fBv5XTZq2xWls7Xl3cbI0fgFnnjfPOWXYazoaz6Xx1jpwTBzu/SwslUHo786s8V35dXhi5TpXGMa+cB1IGfwDipcE5</latexit>

✓ =
'
˙̄�

<latexit sha1_base64="iPwkMCcfEj6qvMb2ba8DiLL0uh8=">AAAFAHicxZRLb9NAEMe3rYESXikcuayIijhFTpu24YDUlxrUNFUjkT4dWev1Jra6fmh3HRSt9 sKVL8IN9VqOfAq+DWsnSM4Gzoxk+e/5zXhnxrv2UhpyYdu/lpZXrAcPH60+rjx5+uz5i+ray3OeZAyTPk5owi49xAkNY9IXoaDkMmUERR4lF97tQc4vxoTxMIk/iUlKBhEaxeEwxEhol1tdd0RABIIf3kJnyBCWzhixNAiVdPxESEdLTym3WrPr77c3tza2YSF27JlothqwUbcLq4GZnblrKz91Ps4iEgtMEec3DTsVA4mYCDElquJknKQI36IRudEyRhHhA1n0o+C69vhwmDB9xQIW3nKGRBHnk8jTkRESATdZ7vwbu8nEsDWQYZxmgsR4utAwo1AkMB8 O9ENGsKATLRBmoa4V4gDpsQg9wooTk884iSIU+9IZMeTrIY2JHlmMPIqUmg/oYkSVlI6+wa4JeyXYM2FnX6OOu2/694I8JUBC7qmF1VKRQxFSn8iuclMzoKjRy2PS/CPo5Y0AqjeNj3geMZUuXyisVHXHhIcleGjC9qmSbffU8J6UUk7MlKsSvFp4n+521mzbZEelxCMTHpfgsQmvS/DahKMRVnLkaswimD8oBXMzvsOBkt3FoP9l88UVh1k6HmKFNjvE+Y7GblG7lqqij/2fsw3/Lc436o1mfavXrO22Zj+AVfAavAHvQAPsgF3wEZyBPsDgK7gD9+CH 9cX6Zn237qahy0uznFdgzqz733hso+E=</latexit>

⇧ = c2ad� �
c2ad

8⇡Ga2⇢̄
~r2 [KBE + (2�KB)�]

<latexit sha1_base64="DckhwaWCkYDk8aFLMbUFOTlVmDc=">AAAFT3icxZRbb9MwFMfdrYOtXLbBIy8WE9IQWtWWXcoD0taNFa3rtEnsWpfIcdzEmnOR4w5Vlj8dn4BH+CK8IZw0SJkLzxwp0t/nd058fHxxE85S2Wh8r8zNVxcePFxcqj16/OTp8srqs4s0HgtCz0nMY3Hl4pRyFtFzySSnV4mgOHQ5vXRv9zN+eUdFyuLok5wkdBhiP2IjRrA 0LmdFolMG30NEsPe5BZFHucQQbkA0EpioqVurNkoY7EKchbhYKCSCWGuIfDFN43QkBxD1OvADfDMdrrc2cgcSzA/kazNDwIrB0FlZa9Tfbb/dam3DXOw0CrHZbsJmvZHbGijs1Fmd/4q8mIxDGknCcZoOmo1EDhUWkhFOdQ2NU5pgcot9OjAywiFNhypvj4avjMeDo1iYL5Iw95YzFA7TdBK6JjLEMkhtljn/xgZjOWoPFYuSsaQRmU40GnMoY5j1GnpMUCL5xAhMBDO1QhJg01hpdqSGIvqFxGGII0/lndQK3VHT9Ai7HGt9P6BPMNcq2xEO+zY8K8EzG/Y6BvWcju3fC7KUAEu1p2dmS2QGJeMeVX3tJHZAXqObxSTZJpjprQBuzqCH0yxiKp10prBS1T0bHpTgg Q27J1p1nRPLe1xKObZTrkvweuZ/ZrXFYrs2OywlHtrwqASPbHhTgjc29H2ile8YLEKYDcx9yszah32t+rNB/8vuF5cEzJyA6YNgtL1Ckp1o4uS1G6lr5tr/udvw3+KiVW9u1rfONtd228UDsAhegJdgHTTBDtgFH8EpOAcE/KiAylKlVv1W/Vn9tVCEzlUK8Rzcs4Wl33hwuW0=</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=">AAAFXXicxZRbb9MwFMfTbYVRxtjgYUi8WExInRBT2g2xx627Ves6Vold6y46cdwkmnOR4w4myy98NT4FT7zyMXDSPqQu7xyp6cn5/Y99bB/HTVmYCdv+VZmbX6g+ebr4rPZ86cXyy5XVV5dZMuKEXpCEJfzahYyyMKYXIhSMXqecQuQyeuXe7+f86oHyLEzir+IxpYMI/DgchgSEDjkrPxDutBBmdCjq2EuEPFToA2qjQ4R56Adio4YhTXnyfazp4yEHIrdQ27Hvmgh/iagPjrRxjwBTSsLdlkLoI6o39UOPvNFGBXLsyXiDOhYBFaAnwcDSADZqzsq6vWkXhmadxsRZtyZ27qzO/9SlklFEY0EYZF m/YadiIIGLkDCqaniU0RTIPfi0r90YIpoNZLFZCr3XEQ8NE65/sUBFtJwhIcqyx8jVyghEkJksD/6L9UdiuDOQYZyOBI3JeKLhiCGRoHznkRdySgR71A4QHupaEQlAb6fQ51PDMf1GkiiC2JPY5+ApiR8okTgGl4FS04Juvt1SYv2HuibslWDPhJ2WRh2nZcb3gjwlACH31MxsqcihCJlHZVc5qSkoanRzTZofQt4K0wKmO9KDLFeMXSebKaxUdceEByV4YMLjMyWPnTMjelpKOTVTbkrwZmY8vdrJYo9NdlRKPDLhSQmemPC2BG9N6PtESd/RmEcof1H6GmkzzmFfye6s6H/ZdHFpEOoOwC7wwjdXSPKOJk5Ru3ZVfu0b5iWfdS6bm43tzU+97fXdnckHYNF6a72z6lbD+mztWm3r3LqwiPWnslxZq7xZ+F2tVpeqy2PpXGWS89qasuraX/tGu20=</ latexit>

cad ! 0

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

w ! 0

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

CDM-like

✓̇ ⇡ 

<latexit sha1_ba se64="5VnAZo0Hz83fyojPxu8QpkQHR44=">AAAE+HicxZRbb9MwFMe9LcAotw4eEZJFBeKpatEQe9xNK1rXqZXobk0V OY6bWHMusp1BsfzEF+EN7XV8BD4F3wYn7UPq8M6Ropyc3//Y5/gSP2NUyE7nz9r6hnPv/oPNh41Hj588fdbcen4m0pxjMsYpS/mFjwRhNCFjSSUjFxknKPYZOfevDwp+fkO4oGnyWc4zMo1RmNAZxUiakN d8Bd0glcqVEZFIQxdlGU+/voUQukNBvWar0+6UButOd+m0wNKG3tbGbzMezmOSSMyQEJNuJ5NThbikmBHdcHNBMoSvUUg mxk1QTMRUlX1o+MZEAjhLuXkSCctoNUOhWIh57BtljGQkbFYE/8UmuZztTBVNslySBC8mmuUMyhQWiwIDygmWbG4chDk1tUIcIY6wNEvXcBPyBadxjJJAuSFHgVbuDcHKTZDPkNarggFGTCvlmhcc2HBUg SMb9vcN6nv7dnwvKlIiJNWers2WyQJKygKiBtrLbEFZo19osmITzPSWgJnDEiBRKBauJ2qFVaru2/CwAg9t2DvVquedW tGTSsqJnXJZgZe18Uy3y2Z7NjuqJB7Z8LgCj214VYFXNgxDrFXoGcxjWHxoDQuz9uFAq0Fd9L9stbgsouYEuD7ipW93iIsTjb2yduPqhrn2XfuS152z9+3udvvDaLu1u7P8AWyCl+A1eAe64CPYBZ/AEIwB Bt/BLbgDv5xvzg/np3O7kK6vLXNegBVz7v4CoVWfCA==</latexit>

�̇ ⇡3�̇� k2

a2
✓

<latexit sha1_base64="UNEUAtl3VEZ362PGhQyyqhYHEW0=">AAAFG3icxZRLbxMxEMfdNkAJrxSOXCwiE BeqpC2ix/ShBjVNlUj0vWE163WyVrwP2d5CZPmjcOWL9IZ6LRLfBm+Sw9bhzki7Ozu//6xn/Ngg40yqRuPP0vJK5cHDR6uPq0+ePnv+orb28lSmuSD0hKQ8FecBSMpZQk8UU5yeZ4JCHHB6Foz3Cn52TYVkafJFTTI6iGGUsC EjoGzIr7W8MFXaCylXYLAHWSbS7+8w3sQYz1AvYgZ/wN5QANHjrxtGg71hT0VUAa76tXpjvTE1vOg0504dza3nr63c2A+TPKaJIhy kvGo2MjXQIBQjnJqql0uaARnDiF5ZN4GYyoGetmrwWxsJ8TAV9koUnkbLGRpiKSdxYJUxqEi6rAj+i13larg90CzJckUTMhtomHOsUlzMGw6ZoETxiXWACGZrxSQCOyfKzm7VS+g3ksYxJKH2RgJCo71rSrSXQMDBmPuCLgFu tPbsA3dd2C/Bvgs7uxZ1/F03vhMVKREovWMWRstUARXjIdVd42euYFpjUGiyYhHs8I6A2/0UgiwUM9eXC4WVqu64cL8E913YPja67 R870aNSypGbclGCFwvfs93Om2277KCUeODCwxI8dOFlCV66cDQiRo98i0WMixdjcGHOOuwZ3V0U/S+7X1wWMbsDvADE1Hc7JMWOJv60duua4tg33UO+6JxurDe31j/2t+qt7fkPYBW9Rm/Qe9REn1ALfUY9dIII+olu0R36Xf lRuan8qtzOpMtL85xX6J5V7v4CIU2sOg==</latexit>

Field (decoupled)
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PerturbationsBackground

Fluctuations about Minkowski

33

~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=">AAACeHicdZDLahsxFIbladqm7s1pl92ImNKWgplxnUt3od10aUOcBCwznNHItogugy5JjZjX6rsEsm0foqvKzgTikhwQ+vn+c3T5i0pw69L0qpU82nr85On2s/bzFy9 fve7svDmx2hvKxlQLbc4KsExwxcaOO8HOKsNAFoKdFuffV/7pBTOWa3XslhWbSpgrPuMUXER5Z4gXeSDSE+VrTAyfLxwYoy/v4s+YVGAcB5FHhMlPnke+gVWDpc873bT3df/LXn8fr8VB2ojBYYazXrquLmpqmO+0OqTU1EumHBVg7SRLKzcNq6OpYHWbeMsqoOcwZ5MoFUhmp2H99Rq/j6TEM23iUg6v6d2JANLapSxipwS3sP97K3ifN/FudjgNXFXeMUVvLpp5gZ3GqxxxyQ2jTiyjAGp4fCumCzBAXUy7TRS7pFpKUGUgcwNlHcgFo4EoKATU9WbDiIKoQyBxw6Noxgxvg8IPi5N+Lxv09kaD7tG3Js1t9A7too8oQwfoCP1AQzRGFP1C1+g3+tP6m+DkQ/LppjVpNTNv0UYl/X+DkcN6</latexit>

Mix

N.B.

Dark fields (e.g. DM)

No mixing with hµ⌫

<latexit sha1_base64="K/CA4QUyeLr2WuMyLRm+CD2/1HI=">AAACMHicbVDBThsxFPSGFkJoaV KOXKxGlThFuxWoHBFcOBKpAUQcRW+9L4kV27uyvaDI2r/gCh/B15RT1Wu/AifkQEhHsjyamSc/T1pIYV0cP0e1jQ8fN7fq242dT593vzRbXy9tXhqOPZ7L3FynYFEKjT0nnMTrwiCoVOJVOj2b+1e3aKzI 9S83K3CgYKzFSHBwQbqZDD1TJdNlNWy24068AF0nyZK0yRIXw1bUZFnOS4XacQnW9pO4cAMPxgkusWqw0mIBfApj7AeqQaEd+MXKFf0elIyOchOOdnShvp3woKydqTQkFbiJfe/Nxf95/dKNjgde6KJ0qPnrQ6NSUpfT+f9pJgxyJ2eBADci7Er5BAxwF1pqMI13PF cKdObZ2EBWeXaL3DMNqYSqWg10OcjKexYu2g1m6DB539g6ufzRSQ47R93D9snpss062SffyAFJyE9yQs7JBekRTjS5Jw/kMXqKfkd/or+v0Vq0nNkjK4j+vQBjBapT</latexit>

� ! �

<latexit sha1_base64="3L5CW8QEgpKpPc2UeCAM8lxqWH4=">AAA CPXicbVDLahtBEJx1HraVl5zgky9DRCAnsRsckqOJLzlaYNkGjRC9vS1p8DyWmVkbMezH+Bp/RL4jH5BbyDVXj2Qd/EjBMEVVNd1UWSvpQ57/ yjaePH32fHNru/Pi5avXb7o7b0+8bRzSEK2y7qwET0oaGgYZFJ3VjkCXik7L88Olf3pBzktrjsOiprGGmZFTiRCSNOnuCpxLLpyczQM4Zy/5Uph0e3k/X4E/JsWa9NgaR5OdrCsqi40mE1CB96Mir8M4ggsSFbUd0XiqAc9hRqNEDWjy47i6v+ UfklLxqXXpmcBX6t2JCNr7hS5TUkOY+4feUvyfN2rC9Os4SlM3gQzeLpo2igfLl2XwSjrCoBaJADqZbuU4BwcYUmUdYegSrdZgqihmDqo2igv CKAyUCtr2fmCAoNoYRfr4IJmpw+JhY4/Jyad+sd//PNjvHXxbt7nF9th79pEV7As7YN/ZERsyZJFdsR/sOvuZ/c7+ZH9voxvZeuYdu4fs3w1lTq67</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=">AAADBnicdVJNaxsxEJU3/UjdLyc99iJqSgsFs5s4iXuL00vBBGKok4Blllmt7BXRahdJm9SIvffSv9JLKb200Ft/Q/9NtWsXkm07IPR47w0zmlGUC66N7/9qeRu3 bt+5u3mvff/Bw0ePO1vbpzorFGUTmolMnUegmeCSTQw3gp3nikEaCXYWXbyp9LNLpjTP5DuzzNkshYXkc07BOCrsvCDDJOSYKL5IDCiVXeEV8wqThYK40t7z0A87Xb/3en93b2cf1+DAX4P+IMBBz6+ji9Zx Em61fpI4o0XKpKECtJ4Gfm5mFpThVLCyTQrNcqAXsGBTByWkTM9s/aISP3dMjOeZckcaXLPXMyykWi/TyDlTMIluahX5L21amPlgZrnMC8MkXRWaFwKbDFfjwTFXjBqxdACo4q5XTBNQQI0bYptIdkWzNAUZ2 3o8pSWXjFoiIRJQljcNYwqitJa4C4+b4ujISaPwqMkPkyolAWOHZVM7zk0lGi5iZo/LMG8a6jaiypNXc3blGwbhfkYMunKsYKj/auxa1yMntt3q/+wX/x+c7vSCfm9v3O8eDtafYBM9Rc/QSxSgA3SI3qITN EEUfUSf0Tf03fvgffK+eF9XVq+1znmCboT34zfSRf3F</latexit>

' ! '�Q0⇠0

<latexit sha1_base64="wFiIciyeYLrVZ lz0IHP6uXfoI5k=">AAAEzHicxZNbb9MwFMe9rcAotw4eebGokJAQVbp1W3nbTSta12qV6G5NFTmOm1hzLrLdjsryKxKPfBpe4WPwbXDaTspceOZIUU7+v/+Jj29+xqiQjvN7ZXWt9ODho/XH5SdPnz1/Udl4eS7SMcekj1OW8ksfCcJoQvqSSkYuM05Q7DNy4d8c5vxiQrigafJZTjMyjFGY0BHFSBrJq7x3J4hnEYUup2EkEefpLbzTPkC3hxHzHOh+oZ7jVapO7ePO1vbm Dpwlu84iaTTrsF5zZlEFizjzNta+uUGKxzFJJGZIiEHdyeRQIS4pZkSX3bEgGcI3KCQDkyYoJmKoZrPS8K1RAjhKuXkSCWdqsUKhWIhp7BtnjGQkbJaLf2ODsRw1h4om2ViSBM8HGo0ZlCnMlwgGlBMs2dQkCHNqeoU4QhxhaRay7CbkFqdxjJJAuSFHgVbuhGDlJshnSOv7ho5ZP62Ua16wY8NeAfZs2D4wqO0d2Pp+lJdESKp9vTRaJnMoKQuI6mgvsw2zHv3ck+WbYIa3 DMwcnQCJ3DFPPbHUWKHrtg2PCvDIhq2uVi2va6mnhZJTu+SqAK+W/mdmu5hsy2bHhcJjG54U4IkNrwvw2oZhiLUKPYN5DPMPrWEe1j4catVZNv2/KJfN5b27ofDfyflmrd6obfca1b3m4hqvg9fgDXgH6mAX7IFP4Az0AQbfwQ/wE/wqdUuypEp6bl1dWdS8Avei9PUPbQyLgw==</latexit>
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Gauge Invariant terms

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

�2KB
~r[iÂj]

~r[iÂj]

<latexit sha1_base64="+ImNaShSt xkRrgejbzmFXnMNZpo=">AAADFHicbVJda9swFFW8ry77SrfHvYiFwV4W7NKy PjbpyyAUGljaQuyaa1lJ1MqyJ8ktQehv7GV/ZS9jjMEGe9+/mWxn0Dq7IHQ451zu1b1KCs6U9v0/He/O3Xv3H2w97D56/OTps9728xO Vl5LQKcl5Ls8SUJQzQaeaaU7PCkkhSzg9TS4PK/30ikrFcvFBrwoaZbAQbM4I aEfFvb23eCccj3C4kJDGZsYsDofL2FxEtuHO/3HnDfexhLQb9/r+wK8Db4JgDfpoHcfxdudHmOakzKjQhINSs8AvdGRAakY4td2wVL QAcgkLOnNQQEZVZOr3WfzaMSme59IdoXHN3swwkCm1yhLnzEAvVVuryP9ps1L P9yPDRFFqKkhTaF5yrHNcDQunTFKi+coBIJK5XjFZggSi3Ui7oaDXJM8yEKmpZ2VNeEWJCQUkHKy9bZgQ4NaY0F140hbHIyeN41GbHy 6rlCVoM7Rt7ajQlagZT6k5snHRNtRtJJWnqObsyrcM3P2TFFTlaGCsNhq70fX YidXqg/aiN8HJziDYHexNdvsH++tPsIVeolfoDQrQO3SA3qNjNEUEfUZf0U/0y/vkffG+ed8bq9dZ57xAt8L7/RcNzALy</latexit >

N.B.

Dark fields (e.g. DM)

No mixing with hµ⌫

<latexit sha1_base64="K/CA4QUyeLr2WuMyLRm+CD2/1HI=">AAACMHicbVDBThsxFPSGFkJoaV KOXKxGlThFuxWoHBFcOBKpAUQcRW+9L4kV27uyvaDI2r/gCh/B15RT1Wu/AifkQEhHsjyamSc/T1pIYV0cP0e1jQ8fN7fq242dT593vzRbXy9tXhqOPZ7L3FynYFEKjT0nnMTrwiCoVOJVOj2b+1e3aKzI 9S83K3CgYKzFSHBwQbqZDD1TJdNlNWy24068AF0nyZK0yRIXw1bUZFnOS4XacQnW9pO4cAMPxgkusWqw0mIBfApj7AeqQaEd+MXKFf0elIyOchOOdnShvp3woKydqTQkFbiJfe/Nxf95/dKNjgde6KJ0qPnrQ6NSUpfT+f9pJgxyJ2eBADci7Er5BAxwF1pqMI13PF cKdObZ2EBWeXaL3DMNqYSqWg10OcjKexYu2g1m6DB539g6ufzRSQ47R93D9snpss062SffyAFJyE9yQs7JBekRTjS5Jw/kMXqKfkd/or+v0Vq0nNkjK4j+vQBjBapT</latexit>

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

⇠ �2

<latexit sha1_base64="nnBU aCZv4ejBfkh1mXAp93R3it4=">AAAC6HicbVLLahsxFJWnr9R9 Je2yG1FT6MrMhJRmmaSbggnEUCcByx3uaGSPGr2QNClGzD90U0o3LfRn+g39m2psL5JxLwgdzjkXHe5VYQR 3Pk3/9pI7d+/df7DzsP/o8ZOnz3b3np87XVvKJlQLbS8LcExwx Saee8EujWUgC8Euiqv3rX5xzazjWn30S8NmEhaKzzkFH6kpcVxiQiv+aT/fHaTDdFV4G2QbMECbOsv3en9Iq WktmfJUgHPTLDV+FsB6TgVr+qR2zAC9ggWbRqhAMjcLq8wNfh2 ZEs+1jUd5vGJvdgSQzi1lEZ0SfOW6Wkv+T5vWfn44C1yZ2jNF1w/Na4G9xu0AcMkto14sIwBqecyKaQUWqI 9j6hPFvlAtJagykIWFsgnkmtFAFBQCmua2YUxBNCGQeOFxVxyd RGmUn3T546ptqcCH46arnRrfip6LkoXTJjddwypG0XpMO+f4fMcg4u5LcK1jDXO3FexG6lEU+3H1WXfR2+B8 f5gdDN+ODwZHh5tPsINeolfoDcrQO3SEPqAzNEEUafQN/US/ks /J1+R78mNtTXqbnhfoViW//wE2evJs</latexit>

⇠ (@�)2

<latexit sha1_base64="+vSmlkFX3YGoik02PJvSYbOgiAE=">AAAC9Hi cbVLLahsxFJWnr9R9OQlddSNqCunGzISUZpnHJmACMdRJwHKH OxrZIyJpBknjYMT8STehdNNCf6Pf0L+pxp5FMu4FocM550oHXSWF4MaG4d9O8Ojxk6fPtp53X7x89fpNb3vn 0uSlpmxMc5Hr6wQME1yxseVWsOtCM5CJYFfJzWmtXy2YNjxXX +yyYFMJc8VnnIL1VNx7SwyXeI8UoC0HQWjGP37dj3v9cBCuCm+CqAF91NRFvN35Q9KclpIpSwUYM4nCwk5d fSoVrOqS0rAC6A3M2cRDBZKZqVvlr/AHz6R4lmu/lMUr9n6HA2 nMUibeKcFmpq3V5P+0SWlnh1PHVVFapuj6olkpsM1x/Rg45ZpRK5YeANXcZ8U0Aw3U+ifrEsVuaS4lqNSRu Ya0cmTBqCMKEgFV9dAwoiAq54jf8KgtDk+8NIxP2vxxVrdkYN1 x1dbOC1uLlouUufMqLtqGVYyk9jTTaxuE/wcpmNqxhrHZCHYv9dCLXT/6qD3oTXC5P4gOBp9GB/2jw+YTbK F36D3aQxH6jI7QGbpAY0SRQ3foJ/oVLIJvwffgx9oadJqeXfSg gt//AGyt9ps=</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
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Vector modes
Choose: h00 = hij = ' = 0

<latexit sha1_base64="aNog7Ber9pqq3DeZtJkJ0KTmsvA="></latexit>

Transverse: ~riÂ
i = ~rih

0i = 0

<latexit sha1_base64="Y6qr5/cdnyvXt4Yu4K cw/8RSsq4=">AAADHnicdVJNa9tAEF0r/UjdjzjpsZclptCT kVIncQ+FOL0UjCGGOglYjhit1taS1UrsrlLMont/Rn9Br80vyK302t77Q7qSHXCUdkDs03tvmNnZCTP OlHbd3w1n48HDR483nzSfPnv+Yqu1vXOq0lwSOiYpT+V5CIp yJuhYM83peSYpJCGnZ+Hlh1I/u6JSsVR80ouMThOYCzZjBLSlgtauP5cQBQz7/fiC4ff49j++MC4rLO EGrbbbeXfwdn/vAFfg0F2Bbs/DXsetoo1WcRJsN/74UUryh ApNOCg18dxMTw1IzQinRdPPFc2AXMKcTiwUkFA1NdVlCvzaMhGepdJ+QuOKXc8wkCi1SELrTEDHqq6V5 L+0Sa5nvalhIss1FWRZaJZzrFNcTgZHTFKi+cICIJLZXjGJ QQLRdn5NX9DPJE0SEJGpZlQY/4oS4wsIORTFXcOQAC+M8e2Bh3VxtCaO6uLg2EqD4LjO9+MyJQZt+sW 9apkuRc14RM2wCLK6oeoxLD1Z+Qi2fM3A7cZEoErHEgbqXmN rXQ+s2LR7cfv4+P/gdK/jdTv7o277qLfakE30Cu2iN8hDh+gIfUQnaIwI+oK+oe/o2vnq3Dg/nJ9Lq9 NY5bxEd8L59RdMwQcS</latexit>

S =

Z
d4x

⇢
1

2
~rih0j

~rih0j +KB

✓
| ~̇̂A|2 � ~riÂj

~riÂj �M2| ~̂A|2
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M̃2
p
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�

<latexit sha1_base64="C1DyvdWi5tSRmr2N+4YXWXq5Jg8="></latexit>

Decouple: not produced by sources

Travel at  speed of light

Massive: M2 =
(2�KB)(1 + �s)Q2

0

KB

<latexit sha1_base64=" 7XA2VgVxT8vmr2fwogTp3gv5m8w=">AAADNHicbVJNi9swEFXcr236lW2PvYiGQpbSYIctzaWwu70UQmADze5ClDVjWU7EyrKR5C1B+K/0Z/QX9NreC721vfY3VE58yDodMHrMe+MZPU2UC66N7/9oebdu37l7b+9++8HDR4+ fdPafnumsUJRNaSYydRGBZoJLNjXcCHaRKwZpJNh5dPW+4s+vmdI8kx/NKmfzFBaSJ5yCcamwMyRjCuJygN9hTBIF1PYGr8no5KAX4FeYCPenGDQ+cOzECUP/clBax5dhp+v3/XXgXRDUoIvqOA33W79JnNEiZdJQAVrPAj83 cwvKcCpY2SaFZjnQK1iwmYMSUqbndn3FEr90mRgnmXKfNHid3a6wkGq9SiOnTMEsdZOrkv/jZoVJhnPLZV4YJummUVIIbDJc+YVjrhg1YuUAUMXdrJguwRllnKttItknmqUpyNiShYLYmXPNqCUSIgFleVNQWV1aS9yBx01ys kVOmqQz3NpReNLMHy+rkiUYe1zudMtNRRouYmbHZZg3BesZo0qTV4/g2jcE9etXig0M9c5gW1OPHNl2exE0t2AXnA36wWH/zeSwezSsN2QPPUcvUA8F6C06Qh/QKZoiij6jr+gb+u598X56v7w/G6nXqmueoRvh/f0H1akNaQ ==</latexit>

Healthy: 0 < KB < 2

<latexit sha1_base64="coneVbvp991n7ylc5mkd7xRXuUk= ">AAADBXicbVLLahsxFJUnfaTuK0mX3YiaQldmJqQ0iy4SZ1MwhhjqJOAxwx2NbIvohaRJMWLW+YJs0y/ornTb7+i+H1KN7YUz 7oXRHM45l3uQbq45sy6O/7SinUePnzzdfdZ+/uLlq9d7+wcXVpWG0BFRXJ mrHCzlTNKRY47TK20oiJzTy/z6rNYvb6ixTMmvbqHpRMBMsikj4AI1jvFnnPZ74TzM9jpxN14W3gbJGnTQus6z/dbftFCkFFQ6w sHacRJrN/FgHCOcVu20tFQDuYYZHQcoQVA78cvMFX4fmAJPlQmfdHjJbnZ 4ENYuRB6cAtzcNrWa/J82Lt30eOKZ1KWjkqwGTUuOncL1BeCCGUocXwQAxLCQFZM5GCAuXFM7lfQbUUKALHw6M1BUPr2hxKcSc g5V9dAwIMAr79Pww4OmONwQh02x3wtSP+s1+dN53TIH50+rrWna1aJjvKB+ UGW6aVhmzGuPrh8hjG8YeFiMAmztWMHMbgXbSN0PYjvsRdLcgm1wcdhNjrofh0edk+P1huyit+gd+oAS9AmdoC/oHI0QQQrdoX v0PbqNfkQ/o18ra9Ra97xBDyr6/Q/VwPzB</latexit>

�s > �1

<latexit sha1_base64="rsQXnNG7UgEStxRvjEUNkrGWBcA=">AAADB3icbVLLahsxFJWnr9R9Jc0yG1FT6KZmpi Q0q5Kkm4IxxFAnAc8w3NHItoikUSVNihHzAf2CbtsvyC5km8/o vh9SjT0LZ9wLQodzzuUepJspzowNwz+d4MHDR4+fbD3tPnv+4uWr7Z3XZ6YoNaFjUvBCX2RgKGeSji2zn F4oTUFknJ5nl59r/fyKasMK+dUuFE0EzCSbMgLWU0nMvTUHgz /h91G63Qv74bLwJoga0ENNnaY7nb9xXpBSUGkJB2MmUahs4kBbRjitunFpqAJyCTM68VCCoCZxy9QVfuuZ HE8L7Y+0eMmudzgQxixE5p0C7Ny0tZr8nzYp7fQwcUyq0lJJV oOmJce2wPUT4JxpSixfeABEM58VkzloINY/VDeW9DsphACZu3imIa9cfEWJiyVkHKrqvmFIgFfOxf7Cw7Y 4WhNHbXFw4qVBetLmj+d1yxysO642pilbi5bxnLphlaq2YZkx qz2q/gQ/vmVo/rt2rGBqNoKtpR54sev3ImpvwSY4+9CP9vsHo/3e0WGzIVtoD71B71CEPqIj9AWdojEi6B v6iX6h38GP4Dq4CW5X1qDT9OyiexXc/QPS3v6e</latexit>
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Scalar modes
h00 = �2 

<latexit sha1_base64="9GuAmgwAacqfXr dOa/BzAkgnhvk=">AAADDnicdVLLahsxFJWnr9R9OemyG1FT6KZmxnUSd1HIYxMwBhvqJOBxhzsa2SOi0QySJq0R8w/9gm6bL+iuZNtf6L4fUs3YBWfSX hA6nHMu9yDdMONMadf91XDu3L13/8HWw+ajx0+ePmtt75yqNJeETkjKU3kegqKcCTrRTHN6 nkkKScjpWXhxXOpnl1QqlooPepnRWQILweaMgLZU0NqJPxrXLfB7/AZ3sT9SDAetttt5t/d2t7uHK7DvrkGv72Gv41bVRusaBduN336UkjyhQhMOSk09N9 MzA1IzwmnR9HNFMyAXsKBTCwUkVM1MFb7ArywT4Xkq7REaV+xmh4FEqWUSWmcCOlZ1rST/ pU1zPe/PDBNZrqkgq0HznGOd4vIlcMQkJZovLQAimc2KSQwSiLbv1fQF/UTSJAERGX8hISqMf0mJ8QWEHIripmFIgBfG+PbCw7o43hDHdXFwZKVBcFTnD+ OyJQZtDotb0zJdiprxiJphEWR1Q5UxLD1Z+Ql2fM3A7YZEoErHCgbqVrCN1AMrNu1e/P18/ H9w2u14vc7uuNc+6K83ZAu9QC/Ra+ShfXSATtAITRBBn9FX9A1dOV+c784P53pldRrrnufoRjk//wBOzwBD</latexit>

h0i = 0

<latexit sha1_base64="ju37JyC2zOkxhHol1igqaZA+irY=">AAADBHicdVLLattAFB2 rr9R9Jc2ym6Gm0JWRUidxFoEk3RSMIYY6CbVccTUaW0NmRmJmlGIGbfsF2bZf 0F3ptv/RfT+kI9kFR2kviDmccy73aObGOWfa+P6vlnfn7r37DzYeth89fvL02ebW8zOdFYrQMcl4pi5i0JQzSceGGU4vckVBxJyex 5dvK/38iirNMvneLHI6FTCXbMYIGEd9SD9an5X4EPvRZsfvHuy92d3ZwzXY91 eg1w9w0PXr6qBVnUZbrd9hkpFCUGkIB60ngZ+bqQVlGOG0bIeFpjmQS5jTiYMSBNVTW0cu8SvHJHiWKfdJg2t2vcOC0HohYucUYFL d1CryX9qkMLP+1DKZF4ZKshw0Kzg2Ga7+HydMUWL4wgEgirmsmKSggBh3S+1Q 0k8kEwJkYsO5gqS04RUlNpQQcyjLm4YhAV5aG7oDD5viaE0cNcXBiZMG0UmTP06rlhSMPS5vTctNJRrGE2qHZZQ3DXXGuPLk1SO48 Q0Dd3uRgK4cSxjpW8HWUg+c2HZ78ffx8f/B2U436HV3R73OUX+1IRvoBXqJXq MA7aMj9A6dojEiSKJr9AV99T5737zv3o+l1WuterbRjfJ+/gGTF/3V</latexit>

hij = �2��ij

<latexit sha1_base64="IMYrDAVtmiKq h/Oxf+HzuY8Kx1s=">AAADGHicdVJNb9NAEN24fJTwlZYjHFZESFyI7DRtwwGpLRek KFIikbZSHKzxehMvXa+t3XVRtPKFn8Ev4Aq/gBviyo07P4S1E6TUhZFW+/TeG83s7IQZZ0q77q+Gs3Xj5q3b23ead+/df/CwtbN7qtJcEjohKU /leQiKciboRDPN6XkmKSQhp2fhxetSP7ukUrFUvNXLjM4SWAg2ZwS0pYLWk/idYe8L/ Aq/6PqjmGF/AUkCKzJotd3Oy4O9/e4BrsChuwa9voe9jltFG61jFOw0fvtRSvKECk04KDX13EzPDEjNCKdF088VzYBcwIJOLRSQUDUz1TMK/Mw yEZ6n0h6hccVuZhhIlFomoXUmoGNV10ryX9o01/P+zDCR5ZoKsio0zznWKS5ngiMmK dF8aQEQyWyvmMQggWg7uaYv6AeS2qGIyPgLCVFh/EtKjC8g5FAUVw1DArwwxrcXHtbF8YY4rouDEysNgpM6fxyXKTFoc1xcq5bpUtSMR9QMiyCr G6oew9KTlZ9gy9cM3O5KBKp0rGCgrjW20fXAik27F38/H/8fnHY7Xq+zP+61j/rrDd lGj9FT9Bx56BAdoTdohCaIoI/oM/qCvjqfnG/Od+fHyuo01jmP0JVwfv4BmX8Fdw==</latexit>

Âi = ~ri↵

<latexit sha1_base64="y+ bFHhhS166+y8GwNEQ4567G/TA=">AAADEnicdVLNbhMxEHaWvxL+UpC4cLGIkDhFuyV twwGpKRekKFIjkbZSNlrNep2sVa/Xsr1Fkdm34Am4whNwQ1x5Ae48CN5NkNItjGT50/d9oxmPJ5acaeP7v1re jZu3bt/Zudu+d//Bw0ed3cenOi8UoVOS81ydx6ApZ4JODTOcnktFIYs5PYsv3lb62SV VmuXivVlJOs9gKdiCETCOijpPw2EaMfwGh0sFiUMhcJlC1On6vdcHr/b3DnANDv0N6A8CHPT8OrpoEyfRbut3 mOSkyKgwhIPWs8CXZm5BGUY4LdthoakEcgFLOnNQQEb13NYPKPELxyR4kSt3hME1u5 1hIdN6lcXOmYFJdVOryH9ps8IsBnPLhCwMFWRdaFFwbHJcTQMnTFFi+MoBIIq5XjFJQQExbmbtUNAPJM8yEImt 51Pa8JISGwqIOZTlVcOYAC+tDd2Fx01xsiVOmuLo2Emj6LjJD9MqJQVjh+W1atJUom E8oXZcRrJpqHuMK4+sPsGVbxi425IEdOVYw0hfa2yr65ET224v/n4+/j843esF/d7+pN89Gmw2ZAc9Q8/RSxSg Q3SE3qETNEUEfUSf0Rf01fvkffO+ez/WVq+1yXmCroT38w/zgwMX</latexit>

� = '+Q0↵

<latexit sha1_base64="Kl7AX3EJj+3VuTILovahA7lLnz4=">AAADG3icdVJNaxsxEJW3X6n75bTHHio aCoWCWSdO4h4KSXopGEMMdRKwzDKrlb0iWq2QtC5G7LE/o7+g1/YX9FZ67aH3/pBqbRecTTsg9HjvD TMaTawENzYMfzWCGzdv3b6zdbd57/6Dh49a24/PTF5oykY0F7m+iMEwwSUbWW4Fu1CaQRYLdh5fvq308znThufyvV0oNslgJvmU U7CeilrPCE05foPJHLTy6BUmQwoiCjEBoVKIWjth+/XB3v7uAV6Cw3ANur0O7rTDZeygdZxG243fJ MlpkTFpqQBjxp1Q2YkDbTkVrGySwjAF9BJmbOyhhIyZiVu+pMQvPJPgaa79kRYv2c0MB5kxiyz2zgxsaupaRf5LGxd22ps4LlVhm aSrQtNCYJvjaiw44ZpRKxYeANXc94ppChqo9cNrEsk+0DzLQCaOzDQkpSNzRh2REAsoy6uGgR9g6R zxFx7UxeGGOKyL/RMv9aOTOn+cVikpWHdcXqumbCVaLhLmBmWk6oZlj3HlUdUn+PI1g/DrkoCpHCsYmWuNbXTd92LT78Xfz8f/B 2e77U63vT/s7hz11huyhZ6i5+gl6qBDdITeoVM0QhR9RJ/RF/Q1+BR8C74HP1bWoLHOeYKuRPDzD7M oBi8=</latexit>

S =

Z
d4x

⇢
� 6�̇2 + 2|~r�|2 � 4~r� · ~r +KB |~r(↵̇+ +

2�KB

KB
�)|2

+ 2K2 |'̇�Q0 |2 �
(2�KB)(2 + �sKB)

KB
|~r�|2 � 2

M̃2
p

(⇢ + 3P�)

�

<latexit sha1_base64="ewo4TrJKW8c9Geo1UL0o4d5dPYU="></latexit>

Z = { ,�,↵,'}

<latexit sha1_base64="fWZY1V90w+6Vxa9mGcEMw2O3o4I="></latexit>

S =

Z
dt

Z
d3k

(2⇡)3
⇥
Z† ·N · Z + h.c.

⇤

<latexit sha1_base64="nXecyvr5ggJZ2IrG8kAOeZuvAjw="></latexit>

)

<latexit sha1_base64="3t5b2cJ9mvwveKkE62BFLUK78gc="></latexit>

detN = 0

<latexit sha1_base64="XyJOSKxEMBfrzkUYcUbs582C/z4="></latexit>

Normal modes: !2 =
(2�KB)

K2KB

✓
1 +

1

2
KB�s

◆
k2 +M2

<latexit sha1_base64="sUC+tjMqC4SFcJr3Xm1SuWHhyGc="></latexit>

!2 = 0

<latexit sha1_base64="noUcrcTZats8GWIXxWVQCG2z3CI="></latexit>

Healthy: 0 < KB < 2

<latexit sha1_base64="coneVbvp 991n7ylc5mkd7xRXuUk=">AAADBXicbVLLahsxFJUnfaTuK0mX3YiaQldmJqQ0iy4SZ1MwhhjqJOAxwx2NbIvohaRJMWLW+YJs 0y/ornTb7+i+H1KN7YUz7oXRHM45l3uQbq45sy6O/7SinUePnzzdfdZ+/uL lq9d7+wcXVpWG0BFRXJmrHCzlTNKRY47TK20oiJzTy/z6rNYvb6ixTMmvbqHpRMBMsikj4AI1jvFnnPZ74TzM9jpxN14W3gbJG nTQus6z/dbftFCkFFQ6wsHacRJrN/FgHCOcVu20tFQDuYYZHQcoQVA78cvM FX4fmAJPlQmfdHjJbnZ4ENYuRB6cAtzcNrWa/J82Lt30eOKZ1KWjkqwGTUuOncL1BeCCGUocXwQAxLCQFZM5GCAuXFM7lfQbUU KALHw6M1BUPr2hxKcScg5V9dAwIMAr79Pww4OmONwQh02x3wtSP+s1+dN53 TIH50+rrWna1aJjvKB+UGW6aVhmzGuPrh8hjG8YeFiMAmztWMHMbgXbSN0PYjvsRdLcgm1wcdhNjrofh0edk+P1huyit+gd+oA S9AmdoC/oHI0QQQrdoXv0PbqNfkQ/o18ra9Ra97xBDyr6/Q/VwPzB</late xit>

K2 > 0

<latexit sha1 _base64="LIbf01jgjSIB/QZW3UvUj9iQcOE=">AAADBXicbVLLattAFB2rj6TuK49lN0NNoSsjhYR2VRJnUzCGGOokYBlxNRrbQ+bFzCjBDFr3C7ptv6C7km2/o/t +SEe2F47cC4MO55zLPVzdXHNmXRz/aUWPHj95urP7rP38xctXr/f2Dy6tKg2hI6K4Mtc5WMqZpCP HHKfX2lAQOadX+c15rV/dUmOZkl/cQtOJgJlkU0bABWqc9gnw7Ah/wnG214m78bLwNkjWoIPWdZHtt/6mhSKloNIRDtaOk1i7iQfjGOG0aqelpRrIDczoOEAJgtqJX 2au8LvAFHiqTHjS4SW72eFBWLsQeXAKcHPb1Gryf9q4dNOPE8+kLh2VZDVoWnLsFK4XgAtmKHF8E QAQw0JWTOZggLiwpnYq6R1RQoAsfDozUFQ+vaXEpxJyDlX10DAI26u8T8MHD5ricEMcNsV+L0j9rNfkz+Z1yxycP6u2pmlXi47xgvpBlemmYZkxrz26/glhfMPAw2E UYGvHCmZ2K9hG6n4Q2+EukuYVbIPLo25y3D0ZHndOe+sL2UVv0Fv0HiXoAzpFn9EFGiGCFPqGvqM f0dfoZ/Qrul9Zo9a65xA9qOj3PwIm/Z4=</latexit>

�s > �2/KB

<latexit sha1_bas e64="Gx15CHdv/2eDAmT485u4/5iprhU=">AAADDnicbVLLahsxFJUnfaTuI0667EbUFLqpOxNS2lVJ3E3AGGKok4Blhjsa2RaRNIOkSWPE/EO/oNv2C7Ir3fYXuu+HVGPPwhn3gtDhnHO5B+kmueDGhuGfVrBz7/6Dh7uP2o+ fPH2219k/ODdZoSkb00xk+jIBwwRXbGy5Fewy1wxkIthFcvWp0i+umTY8U5/tMmdTCXPFZ5yC9VTcOSDCm1Mw+CN+gw/fkkE/7nTD XrgqvA2iGnRRXWfxfusvSTNaSKYsFWDMJApzO3WgLaeClW1SGJYDvYI5m3ioQDIzdavwJX7lmRTPMu2PsnjFbnY4kMYsZeKdEuzCNLWK/J82Kezsw9RxlReWKboeNCsEthmuXgKnXDNqxdIDoJr7rJguQAO1/r3aRLEvNJMSVO rIXENaOnLNqCMKEgFledcwpCBK54i/8LApjjbEUVMc9L00iPtN/mRRtSzAupNya1puK9FykTI3LOO8aVhlTCpPXn2CH98w1J9eOdY wNlvBNlIPvNj2exE1t2AbnB/2oqPeu9FR97hfb8gueoFeotcoQu/RMTpFZ2iMKLpB39B39CP4GtwGP4Nfa2vQqnueozsV/P4HbscAUw==</latexit>
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Scalar modes: Hamiltonian

!2 = 0

<latexit sha1_base64="noUcrcTZats8GWIXxWVQCG2z3CI="></latexit>

S =

Z
d4x

⇢
� 6�̇2 + 2|~r�|2 � 4~r� · ~r +KB |~r(↵̇+ +

2�KB

KB
�)|2

+ 2K2 |�̇�Q0 (↵̇+ )|2 � (2�KB)(2 + �sKB)

KB
|~r�|2 � 2

M̃2
p

(⇢ + 3P�)

�

<latexit sha1_base64="gAM24xCpWczAP1pZijTxeXuM+fU="></latexit>

)

<latexit sha1_base64="3t5b2cJ9mvwveKkE62BFLUK78gc="></latexit>

P =0

P� =� 12�̇

P� =4K2 [�̇�Q0(↵̇+ )]

P↵ =� 4Q0K2[�̇�Q0(↵̇+ )]� 2KB
~r2(↵̇+ )� 2(2�KB)~r2�

<latexit sha1_base64="Yz69xJJ0QqIg7V2ZGDk97ByTFL0="></latexit>

Canonical momenta

Constraints (in vacuum):

(With T. Zlosnik, in preparation)

P� ⇡0

~r2� ⇡� 1

4
P↵

 ⇡�

<latexit sha1_base64="sPAmlvteGpibZUc2+2ly4vp43Hk="></latexit>

)

<latexit sha1_base64="3t5b2cJ9mvwveKkE62BFLUK78gc="></latexit>

Ṗ↵ = 0

<latexit sha1_base64="hW1jih/sv7hxkXdhGdJhbJcCt+4=">AAADDXicbVLLitswFFXc1zR 9ZabLbkRDoatglyntpjCTbgohkEAzMxAHcy0riRhZFtL1zAThb+gfdNv+QHel235D1/2RykkWGacXjA7nnOt7kG6qpbAYhn9awZ279+4/OHjYfvT4ydNnncOjM1uUhvEJK2RhLlKwXArFJyhQ8gttOOSp5Ofp5cdaP7/ixopCfcaV5rMcFkrMBQP0VNI5irMC3ahKYpB6CfQDDZNON+yF66L7INqCLtnWKDls/fV/YWXOFTIJ1k6jUOPMgUHBJK/acWm5BnYJCz7 1UEHO7cytw1f0lWcyOi+M/xTSNbvb4SC3dpWn3pkDLm1Tq8n/adMS5+9nTihdIldsM2heSooFrW+CZsJwhnLlATAjfFbKlmCAob+vdqz4NSvyHFTm4oWBrHLxFWcuVpBKqKrbhiEDWTkX+4MOm+J4Rxw3xUHfS4Ok3+RPl3XLEtCdVnvTNNYiCplxN6wS3TSsM6a1R9eP4Mc3DNJv SAa2dmxgYveC7aQeeNGvRdRcgn1w9qYXHffejo+7J/3tghyQF+QleU0i8o6ckE9kRCaEkRvylXwj34MvwY/gZ/BrYw1a257n5FYFv/8BTGEBVw==</latexit>

H > 0

<latexit sha1_base64="9FFVr0ulITiub0fm5QKzolCjj/k=">AAAC/nicbVJNa9tAEF0rbZO6X0l67GWpKfRkpJLQnkriXALGEEOdBCwjRqu1vWS1WnZHCWYR9B/0mv6B3kqv/Ss99490ZfvgyB1Y9HjvDfN2NamWwmIY/mkFO48eP9nde9p+9vzFy1f7B4eXtigN4yNWyMJcp2C5FIqPUKDk19pwyFPJr9Kbs1q/uuXGikJ9wYXmkxxmSkwFA/TU6Jx+pmGy3wm74bLoNojWoEPWdZEctP7GWcHKnC tkEqwdR6HGiQODgkletePScg3sBmZ87KGCnNuJW6at6DvPZHRaGH8U0iW72eEgt3aRp96ZA85tU6vJ/2njEqefJk4oXSJXbDVoWkqKBa2vTjNhOEO58ACYET4rZXMwwNA/UDtW/I4VeQ4qc/HMQFa5+JYzFytIJVTVQ8OAgayci/2HDpricEMcNsV+z0v9pNfkT+d1yxzQnVZb0zTWIgqZcTeoEt00LDOmtUfXP8GPbxikX4kMbO1YwcRuBdtI3feiX4uouQTb4PJDNzrqHg+POie99YLskTfkLXlPIvKRnJBzckFGhBFBvpF78j34GvwIfga/Vtagte55TR5U8PsfmxP7Mg==</latexit>

H < 0

<latexit sha1_base64="XWh2c+So+XgwmpZ6lfW4d1ZrC/M=">AAAC/nicbVJNa9tAEF0rbZO6X0l67GWpKfRkpJ LQHnpInEvAGGKok4BlxGi1tpesVsvuKMEsgv6DXtM/0FvptX+l5/6RrmwfHLkDix7vvWHeribVUlgMwz+tYOfR4ye7e0/bz56/ePlq/+Dw0halYXzEClmY6xQsl0LxEQqU/FobDnkq+VV6c1brV7fcWFGoL7jQfJLDTImpYICeGp3TzzRM9jthN1wW3QbRGnTIui6Sg9bfOCtYmXOFTIK14yjUOHFgUDDJq3ZcWq6B3cCMjz1UkHM7ccu0FX3nmYxOC+OPQrpkNzsc5NYu8tQ7c8C5bWo1+T9tXOL008QJ pUvkiq0GTUtJsaD11WkmDGcoFx4AM8JnpWwOBhj6B2rHit+xIs9BZS6eGcgqF99y5mIFqYSqemgYMJCVc7H/0EFTHG6Iw6bY73mpn/Sa/Om8bpkDutNqa5rGWkQhM+4GVaKbhmXGtPbo+if48Q2D9CuRga0dK5jYrWAbqfte9GsRNZdgG1x +6EZH3ePhUeekt16QPfKGvCXvSUQ+khNyTi7IiDAiyDdyT74HX4Mfwc/g18oatNY9r8mDCn7/A5Xj+zA=</latexit>

!2 =
(2�KB)

K2KB

✓
1 +

1

2
KB�s

◆
k2 +M2

<latexit sha1_base64="sUC+tjMqC4SFcJr3Xm1SuWHhyGc="></latexit>

H > 0

<latexit sha1_base64="9FFVr0ulITiub0fm5QKzolCjj/k="></latexit>

H =

Z
d
3
k

(2⇡)3

⇢
1

8K2
|P�|2 +

1

4KBk
2
|P↵ +Q0P�|2 �

2�KB

KB
�(P↵ +Q0P�)�

1

8k2
|P↵|2

+
(2�KB)(2 + �SKB)

KB
k
2|�|2

�

<latexit sha1_base64="asiYXIH7DVcKBN6QCUdNLcsM1HQ="></latexit>

H > 0

<latexit sha1_base64="9FFVr0ulITiub0fm5QKzolCjj/k=">AAAC/nicbVJNa9tAEF0rbZO6X0l67GWpKfRkpJ LQnkriXALGEEOdBCwjRqu1vWS1WnZHCWYR9B/0mv6B3kqv/Ss99490ZfvgyB1Y9HjvDfN2NamWwmIY/mkFO48eP9nde9p+9vzFy1f7B4eXtigN4yNWyMJcp2C5FIqPUKDk19pwyFPJr9Kbs1q/uuXGikJ9wYXmkxxmSkwFA/TU6Jx+pmGy3wm74bLoNojWoEPWdZEctP7GWcHKnCtkEqwdR6HGiQODgkletePScg3sBmZ87KGCnNuJW6at6DvPZHRaGH8U0iW72eEgt3aRp96ZA85tU6vJ/2njEqefJk4o XSJXbDVoWkqKBa2vTjNhOEO58ACYET4rZXMwwNA/UDtW/I4VeQ4qc/HMQFa5+JYzFytIJVTVQ8OAgayci/2HDpricEMcNsV+z0v9pNfkT+d1yxzQnVZb0zTWIgqZcTeoEt00LDOmtUfXP8GPbxikX4kMbO1YwcRuBdtI3feiX4uouQTb4PJ DNzrqHg+POie99YLskTfkLXlPIvKRnJBzckFGhBFBvpF78j34GvwIfga/Vtagte55TR5U8PsfmxP7Mg==</latexit>

↵ ⇠ ↵0

<latexit sha1_base64="F4mm1Hzs2GF+af6sO+3xpnrx3a0="></latexit>

↵ ⇠ ↵1t

<latexit sha1_base64="QrYfZykJTy1sl30fd9P95PYvCmg="></latexit>

k <⇠ µ . Mpc�1

<latexit sha1_base64="cgD4jqU2 hra/x48g7y+T/aNvPrU=">AAADGnicbVLLbhMxFHWGVwmvFJZIyCJCYkM0UxXRBYu2bJCiSI1E2kpxGN3xOIkV22PZnqLImh2fwRewhS9gh9iyYc+H4EmySCdcyfLxOefqXts304JbF8d/WtGNm7du39m72753/8HDR539x+e2KA1lI1qIw lxmYJngio0cd4JdasNAZoJdZIt3tX5xxYzlhfrglppNJMwUn3IKLlBp59kCv8XEcomJLDERzNr6MND0o3+VVGmnG/fiVeBdkGxAF23iLN1v/SV5QUvJlKMCrB0nsXYTD8ZxKljVJqVlGugCZmwcoALJ7MSvLlLhF4HJ8bQwYSmHV+x2hgdp7VJmwSnBzW1Tq8n/aePSTY8mnitdOqboutC0FNgVuH4VnHPDqBPLAIAaHnrFdA4GqAtv1yaKfaKFlKByT2YG8sqTK0Y9UZAJqKrrhgEFUXlPwoYHTXG4JQ6 bYv80SP30tMmfzOuUOTh/Uu1U064WHRc584Mq1U3Dqses9uj6E0L5hkGEacnB1o41TO1OY1td94PYDnORNKdgF5wf9JLD3uvhYff4aDMhe+gpeo5eogS9QcfoPTpDI0TRZ/QVfUPfoy/Rj+hn9GttjVqbnCfoWkS//wG/OwXW</latexit>

k >⇠ µ . Mpc�1

<latexit sha1_base64="wC/2DAmV utHoACK0cBcACvbjH4c=">AAADG3icbVLLbhMxFHWGVwmvFJYssIiQ2BDNVEV0hdqyQYoiNRJpK8VhdMfjJFZsj2V7iiJrlnwGX8AWvoAdYsuCPR+CJ8kinXAly8fnnKt7bd9MC25dHP9pRTdu3rp9Z+9u+979Bw8fdfYfn9uiNJSNaCEKc 5mBZYIrNnLcCXapDQOZCXaRLd7V+sUVM5YX6oNbajaRMFN8yim4QKWdZwuM32JiucRElpgIZm19GGj60b9KqrTTjXvxKvAuSDagizZxlu63/pK8oKVkylEB1o6TWLuJB+M4Faxqk9IyDXQBMzYOUIFkduJXN6nwi8DkeFqYsJTDK3Y7w4O0dimz4JTg5rap1eT/tHHppkcTz5UuHVN0XWhaCuwKXD8Lzrlh1IllAEAND71iOgcD1IXHaxPFPtFCSlC5JzMDeeXJFaOeKMgEVNV1w4CCqLwnYcODpjjcEod NsX8apH562uRP5nXKHJw/qXaqaVeLjouc+UGV6qZh1WNWe3T9CaF8wyDCuORga8capnansa2u+0Fsh7lImlOwC84Peslh7/XwsHt8tJmQPfQUPUcvUYLeoGP0Hp2hEaLoM/qKvqHv0ZfoR/Qz+rW2Rq1NzhN0LaLf/wBB6QYC</latexit>

(Covariant Hamiltonian: with M. Bataki & T. Zlosnik, in preparation)
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Thoughts for further refinements

Gauge ghost condensate

Decoupling limit

Cheng et al., JHEP 05, 076 (2006)

Mggc ! 1

<latexit sha1_base64="S3yLsZ+9Uhw6WzRmiH3dF3/bT54="></latexit>

Âµ = Aµ/Mggc

<latexit sha1_base64="JoAwCrzh0tL98RJE6kLu7t9jB2M="></latexit>

S = SEH +

Z
d4x

p
�g

⇢
� KB

2
F̂µ⌫ F̂

µ⌫ � �(Â2 + 1)

�
+ . . .

<latexit sha1_base64="10hdxui42k4QHSyV9TSoSapHoVo="></latexit>

Health gauge theory of 
Lorentz violation 

Covariant derivative Dµ� = rµ�/Mggc +Aµ

<latexit sha1_base64="6+e9vb/Kt2vMsVKDxSDL4niftSQ="></latexit>

S = SEH +

Z
d4x

p
�g

⇢
� 1

4g2ggc
Fµ⌫F

µ⌫ +
1

4
(Dµ�Dµ� +M2

ggc)
2

�
+ . . .

<latexit sha1_base64="7HTXFjpYHNcMk4uUKk+Fm/iQkus="></latexit>

Q�Q0 = Âµ
⇣
rµ�+Q0Âµ

⌘
! Dµ�Dµ�

<latexit sha1_base64="YZD9mzNniG0gP3CGvz1IkoyUv3I="></latexit>

…

Jµrµ� ! Fµ⌫Dµ�D⌫�

<latexit sha1_base64="S/uvTAnveAWyAf/5HLsBH+yDoY4="></latexit>

Y !
�
gµ⌫ +Dµ�D⌫�/M4

ggc

�
Dµ�D⌫�

<latexit sha1_base64="tk6L+W22nqmkVVM4yerHyFpN+kw="></latexit>
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Current collaborators: T. Zlosnik (CEICO), S. Ilic (former CEICO, current APC), M. Bataki (PhD student, U. Cyprus & CEICO)

•Solutions Dark matter or Gravity?

•MOND proposal implies new gravitational fields

•Difference between new (dark) matter dof and gravitational dof

•Current proposals for relativistic MOND: 1 scalar + 1 time-like vector

We have shown
• Only healthy relativistic MOND theory with


• Tensor-speed = 1

• Correct lensing on galactic scales

• Correct CMB

• Correct matter power spectrum

• Same scalar/vector fields leading to MOND also give good cosmology

• Potential for refinements

Future & upcoming work: Hamiltonian, PPN, non-linear cosmology


