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Overview
• The Hubble tension and possible solutions 

• Early Dark energy and its coincidence problem 

• Possible Solutions - coupling to matter species for which equality is an  
  important epoch. 

• Neutrino-Assisted Early Dark Energy 

• A simple implementation as an example 

• Constraints from Particle Physics and Cosmology 

• Chameleon Early Dark Energy 

• Background Cosmology and basic mechanism. 

• Comments on detailed comparisons with data 

• Future (ongoing) work.
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The H0 Problem
• Standard cosmological model explains most observations.
• However, several anomalies and tensions have been found between 
cosmological and astrophysical data. 

• May point to the presence of new physics.
• One much-discussed discrepancy is between measurements of the 
Hubble parameter at different redshifts.

• Local measurement obtained by observing Cepheid variables

• Planck data estimate (LCDM, three 0.06eV neutrinos)

[Riess et al. (2019)]

[Planck (2018)]
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H0 = 74.0± 1.4 km/s/Mpc
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H0 = 66.93± 0.62 km/s/Mpc

• This is a tension of            and it doesn’t seem to be going away!!!
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One of a Number of Moderate Tensions
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Ways to measure the Hubble constant - I

Locally — by measuring the distances to galaxies

�
a = (1 + z)�1

�
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⌦Dark Mater(1 + z)3 + ⌦Dark Energy(z)
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Measure this

DA(z) =
1

(1 + z)H0

Z zCMB

0

dz

⌦dark matter(1 + z)3 + ⌦Dark Energy(z)
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Infer this

Calculate this

DA(zCMB) =
rs
✓
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Ways to measure the Hubble constant - II
The CMB — by using the inherent distances in the CMB
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Possible Resolutions:

Efforts to improve this seem to make the tension worse!

1) One or more measurements have unknown systematics

• Planck calibration issues

• Unknown distance ladder systematics

Riess et al., 
Freedman et al., 
…. many more

2) Statistics need to be refined (tension not as bad as we think)

• Change statistical measure of the tension

• Different cuts, priors, etc. 

Cardona et al., 
Spergel et al., 
…. many more

3) New physics

Different approaches agree, magnitude of discrepancy is getting larger!
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One promising idea is Early dark energy (EDE) as a resolution to the 
Hubble tension! (Poulin et al. 2018)

rs =

Z 1

z=1100

csdzp
⌦m(1 + z)3 + ⌦�(1 + z)4 + · · ·
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Add new stuff here

An Early Time Resolution
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You can’t always get what you want!

• Resolves the Hubble 
tension 

• Improves the fit to 
cosmological data relative 
to LCDM 

• Can arise from numerous 
theoretical scenarios

• A simple scalar field (try 
to act shocked!) seems to 
do quite well 

• Worsens the LSS tension 

• Need to include local  
while fitting 

• The potentials needed, e.g. 
 
 
 
seem to be very contrived 

• Solution is fine-tuned in 
theoretical parameters 

…and negativesEDE positives
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V (�) = (1� cos(�))n

Without dwelling on details in this talk, it is not that easy to make this 
idea work. Changing the sound horizon comes with other effects  
(such as on the damping scale of perturbations, which can conflict with 
observations in many models.
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Early dark energy issues and questions 
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• What creates this phenomenological behavior? 
• Why does EDE appear at MRE? 
• Can we conceive of an EDE model that doesn’t worsen LSS?

Nevertheless, EDE can help with the Hubble tension 
• Pre-recombination energy injection close to matter-radiation 

equality. 
• Reduces pre-rec expansion rate and therefore sound horizon
• Rapid dilution of energy thereafter, leaving late universe 

unchanged 
• BUT: Higher         preferred when fit to CMB so usually, worse 

LSS tension

There are also other issues, more relevant to this talk.
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Will Mention two Recent Results Though. This …

Previous work has found that non-zero EDE is not preferred by Planck CMB power 
spectrum data alone, which yield a 95% confidence level (CL) upper limit fEDE<0.087 
on the maximal fractional contribution of the EDE field to the cosmic energy budget. In 
this paper, we fit the EDE model to CMB data from the Atacama Cosmology Telescope 
(ACT) Data Release 4. We find that a combination of ACT, large-scale Planck TT 
(similar to WMAP), Planck CMB lensing, and BAO data prefers the existence of EDE at 
>99.7% CL: fEDE=0.091+0.020−0.036, with H0=70.9+1.0−2.0 km/s/Mpc (both 68% 
CL). From a model-selection standpoint, we find that EDE is favored over 
ΛCDM by these data at roughly 3σ significance. In contrast, a joint 
analysis of the full Planck and ACT data yields no evidence for EDE, 
as previously found for Planck alone.  …
…
Understanding whether these differing constraints are physical in nature, due to 
systematics, or simply a rare statistical fluctuation is of high priority. The best-fit EDE 
models to ACT and Planck exhibit coherent differences across a wide range of 
multipoles in TE and EE, indicating that a powerful test of this scenario is anticipated 
with near-future data from ACT and other ground-based experiments.

J.C. Hill, E. Calabrese, S. Aiola, N. Battaglia, B. Bolliet, S.K. Choi, M.J. Devlin, A.J. Duivenvoorden, J. Dunkley 
and S. Ferraro, et al. “The Atacama Cosmology Telescope: Constraints on Pre-Recombination Early Dark Energy,” 
[arXiv:2109.04451 [astro-ph.CO]].
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… and this from the past week

We investigate constraints on early dark energy (EDE) using ACT DR4, SPT-3G 2018, 
Planck polarization, and restricted Planck temperature data (at l < 650), finding a 3.3σ 
preference for EDE over ΛCDM. The EDE contributes a maximum fractional energy 
density of fEDE(zc) = 0.163+0.047 at a redshift zc = 3357 ± 200 and −0.04
leads to a CMB inferred value of the Hubble constant H0 = 74.2+1.9 km/s/Mpc. … 
This is the first time that a moderate preference for EDE has been 
reported for these three combined CMB data sets. We find that including 
measurements of supernovae luminosity distances and the baryon acoustic oscillation 
standard ruler only minimally affects the preference (3.0σ), while measurements that 
probe the clustering of matter at late times – the lensing potential power spectrum 
from Planck and fσ8 from BOSS – decrease the significance of the preference to 2.6σ. 
Conversely, adding a prior on the H0 value as reported by the SH0ES collaboration 
increases the preference to the 4 − 5σ level.

T.L. Smith, M. Lucca, V. Poulin, G.F. Abellan, L. Balkenhol, K. Benabed, S. Galli and R. Murgia. “Hints of Early 
Dark Energy in Planck, SPT, and ACT data: new physics or systematics?,” [arXiv:2202.09379 [astro-ph.CO]].
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Another Coincidence Problem
Why now?

Dark energy has a coincidence problem: field rolls when H ⇠ m�
<latexit sha1_base64="B5uxwiOu5wdgEoqE3F/QFEcg4MM="></latexit>
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MPl
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H(zeq) = 10�29eV!
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• Very finely-tuned. Hard to 
build models.

• Could be a pNGB, but 
don’t want oscillations near 
minimum

• Need to suppress first and 
second instanton 
contributions - not natural.
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An Idea

• Alternative mechanism to trigger onset of EDE, free of fine-tuning. 

• Instead of balancing scalar mass against Hubble parameter, exploit 
the fact that EDE must become important at a time that other 
physics becomes active in the universe 

• One example: coincidence between energy scale of matter-
radiation equality and upper limit on the sum of neutrino masses 
suggests a coupling to neutrinos. We call this neutrino-assisted 
early dark energy 

• Second example: since matter becomes dominant at matter-
radiation equality, this suggests that a coupling to matter might be a 
natural trigger. We call this chameleon early dark energy.
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Neutrino-Assisted Early Dark Energy

• Couple EDE scalar conformally to neutrinos
• Yields energy injection around time when neutrinos become non-

relativistic. 
• Happens when temperature is comparable to their mass; i.e. at 

matter-radiation equality. 
• Field initially lies at minimum of potential - then displaced around 

matter-radiation equality by neutrinos
• Scalar then behaves as EDE as rolls back towards origin.
• Avoids fine-tuning issues 
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A (too) Simple Model
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Z
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• Couple EDE field to neutrinos through a conformal coupling 

• Can expand this action out to yield

• With resulting EOM Energy-momentum tensor of neutrinos
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Behavior of EDE Field

Ve↵(�) = V (�)� �⇥(⌫)�/MPl
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• Can treat as motion in an effective potential

•  Where, integrating over the Fermi-Dirac distribution, we have:

• with 

• At first order the details aren’t too important.  What matters is …
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T ⇠ m⌫ ⇠ O(eV)
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Main Property of this Integral
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Forcing term
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Simplistic Argument

• Field is then displaced for a while by this forcing term, at temperatures  
   around the neutrino mass.

�k ⇡ �0.03�MPl

<latexit sha1_base64="uxhoaQwdgbj/tLD/i6SEVcZwIJA="></latexit>

• Quick check - can perform a simple analytic estimate of the  
   displacement (kick), yielding
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1000 104 105 106 107

5.×10-10
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Evolution of the EDE field

Full Numerical Solutions
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And the Hubble parameter

This is the key result

3H2
M

2
Pl = ⇢m + ⇢� +

�̇
2

2
+

�

4
�
4 + ⇤M2

Pl

<latexit sha1_base64="vK2bO42z4w+Zd5lArSqQuzo2bdE="></latexit>

Ḣ

H2
= � 1

2M2
Pl

 
X

i

(⇢i + Pi) + �̇
2

!

<latexit sha1_base64="4wnOUJFzVPgAQDp7YRSarZU4SkI="></latexit>

• Solve EDE EOM in conjunction with Einstein equations
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More Complete Model
<latexit sha1_base64="sKXa3USC+xI0X9KxmHaCP0nV6rg="></latexit>

S =

Z
d4x

p
�g

"
M2

pl

2
R(g)� 1

2
rµ�rµ�� 1

2
m2�2 � �

4
�4

#
+ S⌫̃ [A

2(�)gµ⌫ ]

<latexit sha1_base64="NZOI/HasCJKoyQ+fwzXa5B00VGM="></latexit>

S =

Z
d4x

p
�g

"
M2

pl

2
R(g)� 1

2
rµ�rµ�� 1

2
m2�2 � �

4
�4 + i⌫̄�µ

$
rµ⌫ �m⌫A(�)⌫̄⌫

#
,

Don’t specify origin of neutrino mass or whether Dirac or Majorana

Have redefined                       and generalized conformal coupling
<latexit sha1_base64="2o4M1JsXmsakLHe9XAqkUxjM5oc="></latexit>

⌫ = A3/2(�)⌫̃

• Although quartic potential is excellent fit, EFT suggests including a 
mass also, even though this is tightly constrained by late time 
expansion.

• Have generalized the coupling function also, because of EFT 
considerations. If exponential, then effective potential minimized at

<latexit sha1_base64="BkRrQXaUhQOKK3a7v5LSRnWRTJs="></latexit>

|�min| =


�

�Mpl
(3P⌫ � ⇢⌫)

� 1
3 This grows with redshift, and 

eventually exits validity of the EFT
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Making the EFT Well-Behaved
Can avoid if make one assumption about generalized coupling function:

When series is resumed, it has a minimum at some 
(as in some strongly-coupled string theory models) 

<latexit sha1_base64="ISjWILq1BD5FVfNgLXGNs/COQy4=">AAAB9XicbZBLS8NAFIUnPmt9VV26GSyCG0OShrZZCEU3LivYBzSxTKaTdujkwcxEKaX/w40LRdz6X9z5b5ykEVQ8MHA4517m8vkJo0Iaxqe2srq2vrFZ2ipv7+zu7VcODrsiTjkmHRyzmPd9JAijEelIKhnpJ5yg0Gek50+vsr53T7igcXQrZwnxQjSOaEAxkiq6c5MJvTh3fcQzN6xUDd10mlbNhIZu1eqWkxm7adcdG5q6kasKCrWHlQ93FOM0JJHEDAkxMI1EenPEJcWMLMpuKkiC8BSNyUDZCIVEePP86gU8VckIBjFXL5IwT39uzFEoxCz01WSI5ET87bLwv26QyqDpzWmUpJJEePlRkDIoY5ghgCPKCZZspgzCnKpbIZ4gjrBUoMo5BCcXXJqGXRhF4xtC19LNum7f2NXWZYGjBI7BCTgDJmiAFrgGbdABGHDwCJ7Bi/agPWmv2ttydEUrdo7AL2nvX82KkyY=</latexit>

� = ��̄

Then: <latexit sha1_base64="eF3If5v2HJsqbVud8VII/zqPWs8="></latexit>

Ve↵(�) = V (�) + (⇢⌫ � 3P⌫) ln[A(�)]
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50 exponential coupling

sample generalized coupling

e.g. could take
<latexit sha1_base64="7Ewq+LtkkuIJXQhL6Axb9hduFAk="></latexit>

A(�) = 1� A2

2
�̄2 +

A2

2

�
�+ �̄

�2
+ · · ·

And remain ignorant about 
any UV completion.



Coupled Early Dark Energy Mark Trodden, U. Penn

Radiative Stability
EFT forces a mass term. But can’t be too large. Small value needs to be 
radiatively stable.  Won’t dwell on this, but there is a constraint.
Expand out interactions. Find coupling of EDE to neutrinos reads

<latexit sha1_base64="jUs1PzDwBO+C0BesAlyGRlJ0Fno="></latexit>
�

Mpl

✓
1 +

�min

�̄

◆
'+

�

2Mpl�̄
'2

�
m⌫ ⌫̄⌫

Also have cubic and quartic EDE self-interactions
Compute 1-loop quantum corrections to EDE mass

Get
<latexit sha1_base64="IHAHVJQKmcxreKHZzcdWNCmPQZc="></latexit>

�m2 =
�2

4⇡2

✓
m⌫

Mpl

◆2

m2
⌫

<latexit sha1_base64="TVlAuF6Magv1pIWolDDU/4tvkdo="></latexit>

m2 + 12��2
min � �2

4⇡2

✓
m⌫

Mpl

◆2

m2
⌫

So need
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Cosmological Evolution (Qualitative)
At high redshifts, effective potential minimized at    . Field is stuck there. 
Robust initial conditions for later evolution (improves fit) 

Universe expands and                 redshifts until contribution from quartic 
part of potential is non-negligible.

Then minimum adiabatically evolves away from    towards zero.

At this point, higher-order terms in the expansion of coupling function are 
not relevant, and evolution proceeds until               , neutrinos become non-
relativistic and inject energy into scalar.

Leads to a kick feature in       : onset of early dark energy phase, EDE causes 
Hubble constant to redshift at slower rate than in LCDM, lowering sound 
horizon, and increasing value of       inferred from CMB. Transient effect as 
field reverts to tracking the minimum of the effective potential, which 
continues to decrease towards zero as neutrino density redshifts. Eventually, 
quartic term becomes negligible and mass term dominates

<latexit sha1_base64="efMKAxAyHXVANqP2A9mAw/k3ac8=">AAAB8HicbVDLSsNAFJ3UV62vqks3g0VwFZI2tM2u6MZlBfuQJpTJdNIOnTyYmQgl9CvcuFDErZ/jzr9x8hBUPHDhcM693HuPFzMqpGF8apWNza3tnepubW//4PCofnwyFFHCMRngiEV87CFBGA3JQFLJyDjmBAUeIyNveZ35owfCBY3CO7mKiRugeUh9ipFU0r3jIe7EC1qb1huGbtrdZsuEht5stZt2Rqyu1bYtaOpGjgYo0Z/WP5xZhJOAhBIzJMTENGLppohLihlZ15xEkBjhJZqTiaIhCohw0/zgNbxQygz6EVcVSpirPydSFAixCjzVGSC5EH+9TPzPmyTS77opDeNEkhAXi/yEQRnB7Hs4o5xgyVaKIMypuhXiBeIIS5VREYKdAxakY5VEpfEdwrCpm23durUavasyjio4A+fgEpigA3rgBvTBAGAQgEfwDF40rj1pr9pb0VrRyplT8Ava+xf+JZD3</latexit>

�̄

<latexit sha1_base64="oY4s6LkO9Rtnh6qzo9cB0TNqdCA=">AAAB+nicbZBLS8NAFIUnPmt9pbp0M1iEujAkaehjV3TjsoJ9QFPKZDpth04mYWailNqf4saFIm79Je78N07SCioeGDiccy9z+YKYUals+9NYW9/Y3NrO7eR39/YPDs3CUVtGicCkhSMWiW6AJGGUk5aiipFuLAgKA0Y6wfQq7Tt3REga8Vs1i0k/RGNORxQjpaOBWSiVmwOfJxe+mESpOR+YRdty6jW37EDbcssVt54ar+ZV6h50LDtTEazUHJgf/jDCSUi4wgxJ2XPsWPXnSCiKGVnk/USSGOEpGpOethyFRPbn2ekLeKaTIRxFQj+uYJb+3JijUMpZGOjJEKmJ/Nul4X9dL1GjWn9OeZwowvHyo1HCoIpgygEOqSBYsZk2CAuqb4V4ggTCStPKZxDqmeDSVL2V0TS+IbRdy6lY3o1XbFyucOTACTgFJeCAKmiAa9AELYDBPXgEz+DFeDCejFfjbTm6Zqx2jsEvGe9fxkaUIg==</latexit>

(3P⌫ � ⇢⌫)

<latexit sha1_base64="efMKAxAyHXVANqP2A9mAw/k3ac8=">AAAB8HicbVDLSsNAFJ3UV62vqks3g0VwFZI2tM2u6MZlBfuQJpTJdNIOnTyYmQgl9CvcuFDErZ/jzr9x8hBUPHDhcM693HuPFzMqpGF8apWNza3tnepubW//4PCofnwyFFHCMRngiEV87CFBGA3JQFLJyDjmBAUeIyNveZ35owfCBY3CO7mKiRugeUh9ipFU0r3jIe7EC1qb1huGbtrdZsuEht5stZt2Rqyu1bYtaOpGjgYo0Z/WP5xZhJOAhBIzJMTENGLppohLihlZ15xEkBjhJZqTiaIhCohw0/zgNbxQygz6EVcVSpirPydSFAixCjzVGSC5EH+9TPzPmyTS77opDeNEkhAXi/yEQRnB7Hs4o5xgyVaKIMypuhXiBeIIS5VREYKdAxakY5VEpfEdwrCpm23durUavasyjio4A+fgEpigA3rgBvTBAGAQgEfwDF40rj1pr9pb0VrRyplT8Ava+xf+JZD3</latexit>

�̄

<latexit sha1_base64="ivhVOSviNaOhT6GtutKfanKC8Aw=">AAAB+HicbZBLSwMxFIUz9VXro1WXboJFcDXMTIc+dkU3Liv0BW0pmTTThiaZIckItfSXuHGhiFt/ijv/jZlpBRUPBA7n3EsuXxAzqrTjfFq5re2d3b38fuHg8Oi4WDo57aookZh0cMQi2Q+QIowK0tFUM9KPJUE8YKQXzG/SvndPpKKRaOtFTEYcTQUNKUbaRONSsT0eimSoKIc8deNS2bHdRt2ruNCxvUrVa6TGr/vVhg9d28lUBhu1xqWP4STCCSdCY4aUGrhOrEdLJDXFjKwKw0SRGOE5mpKBsQJxokbL7PAVvDTJBIaRNE9omKU/N5aIK7XggZnkSM/U3y4N/+sGiQ7royUVcaKJwOuPwoRBHcGUApxQSbBmC2MQltTcCvEMSYS1YVXIIDQywbWp+RtjaHxD6Hq2W7X9O7/cvN7gyINzcAGugAtqoAluQQt0AAYJeATP4MV6sJ6sV+ttPZqzNjtn4Jes9y9HCpPu</latexit>

T⌫ ⇠ m⌫

<latexit sha1_base64="NL801pN6bYHRua9FfZKJyqSP6DU=">AAAB8nicbVDLSsNAFJ3UV62vqks3g0VwFZI2tM2u6MadFewDklAm00k7dPJgZiKU0M9w40IRt36NO//GSRpBxQMXDufcy733+AmjQhrGp1bZ2Nza3qnu1vb2Dw6P6scnQxGnHJMBjlnMxz4ShNGIDCSVjIwTTlDoMzLyF9e5P3ogXNA4upfLhHghmkU0oBhJJTnubUhmaOImczqpNwzdtLvNlgkNvdlqN+2cWF2rbVvQ1I0CDVCiP6l/uNMYpyGJJGZICMc0EulliEuKGVnV3FSQBOEFmhFH0QiFRHhZcfIKXihlCoOYq4okLNSfExkKhViGvuoMkZyLv14u/uc5qQy6XkajJJUkwutFQcqgjGH+P5xSTrBkS0UQ5lTdCvEccYSlSqlWhGAXgGvSsUqi0vgOYdjUzbZu3VmN3lUZRxWcgXNwCUzQAT1wA/pgADCIwSN4Bi+a1J60V+1t3VrRyplT8Ava+xfge5IU</latexit>

⌦�

<latexit sha1_base64="H5RoHLhc211Y1VS7qZ4EiRm5uOU=">AAAB6nicbVDLSsNAFJ34rPVVdelmsAiuQtKGttkV3XRZ0T6gDWUynbRDJ5MwMxFK6Ce4caGIW7/InX/jJI2g4oELh3Pu5d57/JhRqSzr09jY3Nre2S3tlfcPDo+OKyenfRklApMejlgkhj6ShFFOeooqRoaxICj0GRn4i5vMHzwQIWnE79UyJl6IZpwGFCOlpbvOxJpUqpZpu61a3YaWWas3am5GnJbTcB1om1aOKijQnVQ+xtMIJyHhCjMk5ci2YuWlSCiKGVmVx4kkMcILNCMjTTkKifTS/NQVvNTKFAaR0MUVzNWfEykKpVyGvu4MkZrLv14m/ueNEhW0vJTyOFGE4/WiIGFQRTD7G06pIFixpSYIC6pvhXiOBMJKp1POQ3BzwDVpOgXRaXyH0K+ZdsN0bp1q+7qIowTOwQW4AjZogjbogC7oAQxm4BE8gxeDGU/Gq/G2bt0wipkz8AvG+xd4P45a</latexit>

H0
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Cosmological Later-Time Behavior
During matter epoch, field can be decomposed into:
i) an adiabatic component that tracks          - acts as additional dark energy 

ii) a rapidly-varying component       from oscillations about minimum - as an 
additional dark matter component

<latexit sha1_base64="D85pZstQFn8Bje1p/3b4dgHypSs=">AAAB+XicbZBLSwMxFIUz9VXra9Slm2ARXA0z7dDHrujGZQX7gE4pmTRtQ5PMkGQKZeg/ceNCEbf+E3f+G9PpCCoeCBzOuZdcvjBmVGnX/bQKW9s7u3vF/dLB4dHxiX161lVRIjHp4IhFsh8iRRgVpKOpZqQfS4J4yEgvnN+u+96CSEUj8aCXMRlyNBV0QjHSJhrZNoRBPKOjNJAccipWI7vsOl6zUal60HUq1VqluTZ+w681feg5bqYyyNUe2R/BOMIJJ0JjhpQaeG6shymSmmJGVqUgUSRGeI6mZGCsQJyoYZpdvoJXJhnDSSTNExpm6c+NFHGlljw0kxzpmfrbrcP/ukGiJ41hSkWcaCLw5qNJwqCO4BoDHFNJsGZLYxCW1NwK8QxJhLWBVcogNDPBjan7uTE0viF0K45Xc/x7v9y6yXEUwQW4BNfAA3XQAnegDToAgwV4BM/gxUqtJ+vVetuMFqx85xz8kvX+BYWzlAk=</latexit>

�min

<latexit sha1_base64="k5GVHrNeCxTu6ounAcKqZnk3SU4=">AAAB8nicbVDLSsNAFJ3UV62vqks3g0VwFZI09LErunFZwdpCE8pkOmmHTh7M3Ail9DPcuFDErV/jzr9xklZQ8cCFwzn3cu89QSq4Asv6NEobm1vbO+Xdyt7+weFR9fjkXiWZpKxHE5HIQUAUEzxmPeAg2CCVjESBYP1gdp37/QcmFU/iO5inzI/IJOYhpwS0NPTGTADBXjrlo2rNMu12y6nb2DKdesNp58RtuY22i23TKlBDa3RH1Q9vnNAsYjFQQZQa2lYK/oJI4FSwZcXLFEsJnZEJG2oak4gpf1GcvMQXWhnjMJG6YsCF+nNiQSKl5lGgOyMCU/XXy8X/vGEGYctf8DjNgMV0tSjMBIYE5//jMZeMgphrQqjk+lZMp0QSCjqlShFCuwBekaa7JjqN7xDuHdNumO6tW+tcreMoozN0ji6RjZqog25QF/UQRQl6RM/oxQDjyXg13latJWM9c4p+wXj/ArMDkfY=</latexit>

��

Total energy density of dark energy (including a cosmological constant) is
<latexit sha1_base64="BmzAy8TrwfylylHB32cgHdZZNVI="></latexit>

⇢DE ⇡ ⇤M2
pl +

1

2
m2�2

min(t)

For the masses we need to choose, this is an irrelevant contribution.
Additional dark matter contribution at late times is

<latexit sha1_base64="BPrSoKWoiEChk6rJe7xRHRsQifw="></latexit>

⌦�� ⌘
1
2
˙��
2
+ V (��)

3H2M2
pl

Potential tension with data - motivation behind neglecting mass term in EDE 
models. Important question: can EDE models can include mass large enough 
to be radiatively stable, but small enough not to be in tension with data.
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Cosmological Evolution (Numerical)
Have numerically solved coupled Friedman-neutrino-scalar system, including 
other energy components of universe. Generally, kick happens near z~1000, 
and at late times have a slowly varying component, and an oscillating one.
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<latexit sha1_base64="aKWSCyoU3Jz5gYyHLO6qqBZwQHg="></latexit>

m =
p
30, �m = 1.63⇥ 10�26 eV,

<latexit sha1_base64="zjna/ujLuVaQjms83Oy6Gy48pe8="></latexit>

� = 10�98 � = 500m⌫ = 0.3 eV

<latexit sha1_base64="wqbvdJM5Z1IMbeVG94IL5+gD9Tw="></latexit>

m2 = 5�m2, � = 800, � = 10�98, m⌫ = 0.3eV
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Indications of Viability
Have explored parameter space to understand correlation between size of 
kick and model parameters m,   ,   . (evolution after equality indep of    )
Also allow      to vary modestly from best-fit LCDM value (Planck) 
Particularly interested in regions where kick magnitude is largest around 
epoch of equality.  This is a prelude to a complete MCMC analysis, which 
would allow us to know if the model really works. 
The regions of parameter space with largest kick magnitude are:

<latexit sha1_base64="ZW4/6wxSCzZ0gg4xCVxd1CXOgbk=">AAAB7nicbVDNSsNAGNzUv1r/qh69LBbBU0ja0Da3ohePFawttKFsNpt26WYTdjdCCX0ILx4U8erzePNt3KQRVBxYGGbm4/t2/IRRqSzr06hsbG5t71R3a3v7B4dH9eOTexmnApMBjlksRj6ShFFOBooqRkaJICjyGRn6i+vcHz4QIWnM79QyIV6EZpyGFCOlpeGE6WiApvWGZdput9myoWU2W+2mmxOn67RdB9qmVaABSvSn9Y9JEOM0IlxhhqQc21aivAwJRTEjq9oklSRBeIFmZKwpRxGRXlacu4IXWglgGAv9uIKF+nMiQ5GUy8jXyQipufzr5eJ/3jhVYdfLKE9SRTheLwpTBlUM87/DgAqCFVtqgrCg+laI50ggrHRDtaIEtwBck45TEt3Gdwn3TdNum86t0+hdlXVUwRk4B5fABh3QAzegDwYAgwV4BM/gxUiMJ+PVeFtHK0Y5cwp+wXj/AvP4kGg=</latexit>

�
<latexit sha1_base64="uDA6vBPjhAzOq9AZNRdoj3VtJu4=">AAAB7HicbVBNS8NAEN3Ur1q/qh69LBbBU0ja0Da3ohePFYwttKFstpt26WYTdjdCCf0NXjwo4tUf5M1/4yaNoOKDgcd7M8zMCxJGpbKsT6Oysbm1vVPdre3tHxwe1Y9P7mWcCkw8HLNYDAMkCaOceIoqRoaJICgKGBkEi+vcHzwQIWnM79QyIX6EZpyGFCOlJW8cEIUm9YZl2m632bKhZTZb7aabE6frtF0H2qZVoAFK9Cf1j/E0xmlEuMIMSTmyrUT5GRKKYkZWtXEqSYLwAs3ISFOOIiL9rDh2BS+0MoVhLHRxBQv150SGIimXUaA7I6Tm8q+Xi/95o1SFXT+jPEkV4Xi9KEwZVDHMP4dTKghWbKkJwoLqWyGeI4Gw0vnUihDcAnBNOk5JdBrfIdw3TbttOrdOo3dVxlEFZ+AcXAIbdEAP3IA+8AAGFDyCZ/BicOPJeDXe1q0Vo5w5Bb9gvH8BexiPjw==</latexit>

�
<latexit sha1_base64="FHef+RBvHgNe3+nDFqwMCvI3axA=">AAAB8HicbVDLSsNAFJ3UV62vqks3g0VwFZI0tM2u6MZlBfuQJpTJdNIOnTyYmQgl9CvcuFDErZ/jzr9xkkZQ8cCFwzn3cu89fsKokIbxqVU2Nre2d6q7tb39g8Oj+vHJQMQpx6SPYxbzkY8EYTQifUklI6OEExT6jAz9xXXuDx8IFzSO7uQyIV6IZhENKEZSSfeujzh0kzmd1BuGbjodq2lCQ7eaLcvJid2xW44NTd0o0AAlepP6hzuNcRqSSGKGhBibRiK9DHFJMSOrmpsKkiC8QDMyVjRCIRFeVhy8ghdKmcIg5qoiCQv150SGQiGWoa86QyTn4q+Xi/9541QGHS+jUZJKEuH1oiBlUMYw/x5OKSdYsqUiCHOqboV4jjjCUmVUK0JwCsA1adslUWl8hzCwdLOl27d2o3tVxlEFZ+AcXAITtEEX3IAe6AMMQvAInsGLxrUn7VV7W7dWtHLmFPyC9v4FHm+RDQ==</latexit>

�̄
<latexit sha1_base64="0VDrj7wd32an5Tw5mer2Izq+dwU=">AAAB7nicbVBNS8NAEN3Ur1q/qh69LBbBU0jS0Da3ohePFawttKFstpt26WYTdjdCCf0RXjwo4tXf481/4yaNoOKDgcd7M8zMCxJGpbKsT6Oysbm1vVPdre3tHxwe1Y9P7mWcCkz6OGaxGAZIEkY56SuqGBkmgqAoYGQQLK5zf/BAhKQxv1PLhPgRmnEaUoyUlgbRJBvzdDWpNyzT9jpO04aW6TRbjpcTt+O2PBfaplWgAUr0JvWP8TTGaUS4wgxJObKtRPkZEopiRla1cSpJgvACzchIU44iIv2sOHcFL7QyhWEsdHEFC/XnRIYiKZdRoDsjpObyr5eL/3mjVIUdP6M8SRXheL0oTBlUMcx/h1MqCFZsqQnCgupbIZ4jgbDSCdWKELwCcE3abkl0Gt8h3Dum3TLdW7fRvSrjqIIzcA4ugQ3aoAtuQA/0AQYL8AiewYuRGE/Gq/G2bq0Y5cwp+AXj/QteopCu</latexit>m⌫
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Contour plot of the kick's magnitude  Note:
Magnitude of the kicks is slightly smaller for larger a
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Many Open Questions and Directions
• Perform full MCMC analysis to find best fit models and to get correct  
   parameter estimation (what neutrino masses are allowed?). 

• Construct explicit examples of field being pushed over a maximum to  
  dissipate EDE energy sufficiently rapidly. 
 
 

 
 
 

• Extensions, to help with the required small masses and parameters.
•…

(w/ Tanvi Karwal and Marco Raveri)

(w/ Tanvi Karwal and Marco Raveri)

(w/ Qiuyue Liang and Mariana Carrillo Gonzalez)



Coupled Early Dark Energy Mark Trodden, U. Penn

Comment on Constraints and Probes
Constraints on neutrino self-interactions  
Can alter cosmological evolution & affect CMB (Planck) Bounds can't be 
directly applied, since cosmological evolution is different in our case. 
But, once we implemented model into cosmological solvers and MCMC 
codes, similar result could apply.

<latexit sha1_base64="t1EseUjAD2gPXi0T0aVhRBVNZ4c="></latexit>

� .
✓
10�2eV

m⌫

◆
1023

Might be seen in the future in nonlinear matter power spectrum, or neutrino 
clustering within voids. Possibly constrained by next generation of lensing 
surveys.

Weak Equivalence Principle Violations  
Neutrino-Scalar interaction leads to fifth force       x strength gravity. Affects 
neutrino perturbations.

<latexit sha1_base64="HZ71xf8uXZChHeMwNJUToSfyD6Q=">AAAB8HicbVDLSsNAFJ34rPVVdelmsAiuQpKGttkV3bisYB/SxjKZTtqhk0mYmQgl9CvcuFDErZ/jzr9xklZQ8cCFwzn3cu89QcKoVJb1aaytb2xubZd2yrt7+weHlaPjroxTgUkHxywW/QBJwignHUUVI/1EEBQFjPSC2VXu9x6IkDTmt2qeED9CE05DipHS0p0DhwFR6N4ZVaqWaXtNp2ZDy3RqdcfLidt0654LbdMqUAUrtEeVj+E4xmlEuMIMSTmwrUT5GRKKYkYW5WEqSYLwDE3IQFOOIiL9rDh4Ac+1MoZhLHRxBQv150SGIinnUaA7I6Sm8q+Xi/95g1SFTT+jPEkV4Xi5KEwZVDHMv4djKghWbK4JwoLqWyGeIoGw0hmVixC8AnBJGu6K6DS+Q+g6pl033Ru32rpcxVECp+AMXAAbNEALXIM26AAMIvAInsGLIYwn49V4W7auGauZE/ALxvsXbDiQmQ==</latexit>

2�2

<latexit sha1_base64="RciK4xP94WKxGeM+Fa8+XD5jBAA="></latexit>
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✓
1 +
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◆
�⌫ = 0

<latexit sha1_base64="pX1YRUjxhFFJrw1X0jdxGtkx6DI="></latexit>
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2�2

1 + m2a2
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Sketch of another New Idea

• Couple EDE scalar conformally to dark matter 

• Yields energy injection around time when matter starts to 
dominate the universe 

• Hope that dynamics are sufficiently different that more natural 
particle physics potentials are allowed 
 
Recall, best-fit EDE model involves

A different way to ameliorate the fine-tuning problems of early dark energy.

<latexit sha1_base64="I5FwRGCPAWTXE5mzBmceWgKWZb0="></latexit>

V (�) = (1� cos(�))n

Even if wanted to appeal to shift symmetries, would need to ignore many 
instant contributions,
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Chameleon Early Dark Energy
Similar to the neutrino example, start with the action

<latexit sha1_base64="AlGydKr3DqyOSJgjBZ41eqBeF2o="></latexit>

S =

Z
d4x

p
�g


Mpl

2
R� 1

2
(r�)2 � V (�)

�
+ Sdm[�dm, g̃µ⌫ ] + Sm[�m, gµ⌫ ]

With
<latexit sha1_base64="IZyxvyJ2RTroZJo3qtFhhTeZwnU="></latexit>

g̃µ⌫ = A2(�)gµ⌫

Background equations of motion
<latexit sha1_base64="Ovu3ZFeD3FtlPXDOw/29rTta924="></latexit>

3H2
M

2
pl =

1

2
�̇
2 + a

2
V (�) + ⇢̃dmA

4(�)a2 + ⇢ma
2 + ⇢⇤a

2

<latexit sha1_base64="GGWBwInEFAD9bZX/GI8oDSZurAQ="></latexit>

�̈+ 2H�̇ = �a2V,� � a2A,�A
3(�)⇢̃dm

<latexit sha1_base64="NKHZi9QE/kwJFP6R+BSbKm0DBYU="></latexit>

˙̃⇢dm = �3

 
H +

A,��̇

A

!
⇢̃dm Dilutes as

<latexit sha1_base64="YFhU93xMRZKX8E+DP6qD/Ny9ucs="></latexit>

⇢̃dm = ⇢̃0dma
�3

✓
A0

A

◆3

So sometimes convenient to use a quantity that does dilute in a standard 
way: <latexit sha1_base64="cYRUMdqmrp7oWtK4sKOTC9KvBps="></latexit>

⇢dm ⌘ ⇢̃dmA
3

<latexit sha1_base64="+M0HEwjFHn+KtyMVCtM0cu5L5zc=">AAAB73icbVDLSsNAFJ3UV62vqks3g0VwFZI0tM2u6MZlBfuANpTJdNIOnUnizEQopT/hxoUibv0dd/6NkzSCigcuHM65l3vvCRJGpbKsT6O0sbm1vVPereztHxweVY9PejJOBSZdHLNYDAIkCaMR6SqqGBkkgiAeMNIP5teZ338gQtI4ulOLhPgcTSMaUoyUlgYjyvUWIsfVmmXaXsup29AynXrD8TLittyG50LbtHLUQIHOuPoxmsQ45SRSmCEph7aVKH+JhKKYkVVllEqSIDxHUzLUNEKcSH+Z37uCF1qZwDAWuiIFc/XnxBJxKRc80J0cqZn862Xif94wVWHLX9IoSRWJ8HpRmDKoYpg9DydUEKzYQhOEBdW3QjxDAmGlI6rkIXg54Jo03YLoNL5D6Dmm3TDdW7fWviriKIMzcA4ugQ2aoA1uQAd0AQYMPIJn8GLcG0/Gq/G2bi0Zxcwp+AXj/Qv5XpEE</latexit>

=) <latexit sha1_base64="ARz4uKCuRpvOoZ3zQE2FTbG5W/E="></latexit>

Ve↵(�) = V (�) +A(�)⇢dm
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An Example Model

<latexit sha1_base64="0SKEfWD2Qqw7MwLXJ2Bd5876INQ="></latexit>

A(�) = e��/Mpl
<latexit sha1_base64="TW6BzSl1Tm0/FBEj+8j3yxhQbIE="></latexit>

V (�) = ��4

A very simple choice is

But EFT implies, without a symmetry, should include a mass term.  We know 
scalar field must be ultra-light 

<latexit sha1_base64="7bG0gnXCrHTGWfXdlUL8iQ0770A="></latexit>

m�(�i) ⇠
p
��i ⇠ 10�28 eV

Whereas radiative corrections from DM loops would yield
<latexit sha1_base64="06T9s2IWDQmumIhtqgsd+4rnNJg="></latexit>

�m� ⇠ �
⇤2

Mpl

Cutoff should be >> DM mass. Therefore radiatively stable if DM mass << eV
So could include a small mass without ruining predictions. Will ignore.
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Initial Conditions
• Field initially rolls down effective potential with t-varying amplitude, since 

dark matter interaction term initially dominates (true for a very large 
range in beta, because DM density is huge at early times). 

• Eventually, as DM dilutes away, native potential of scalar takes over.
• Depending on when this transition happens, scalar may be dominated by 

its native potential for a brief period.
• During this time it is Hubble frozen, before rolling down and oscillating in 

its effective potential. 

• The initial value     is not set by an attractor solution.
• It is an input parameter that controls the maximal fractional energy 

density        in CEDE. 
• Note: there is a degeneracy between     and            wherein changing     

     simply rescales          .   

<latexit sha1_base64="txPjDG77lli94NjUJd736YrDAH0=">AAAB7nicbVBNS8NAEN3Ur1q/qh69LBbBU0jS0Da3ohePFawttKFstpt26SZZdjdCCf0RXjwo4tXf481/46aJoOKDgcd7M8zMCzijUlnWp1HZ2Nza3qnu1vb2Dw6P6scn9zJJBSZ9nLBEDAMkCaMx6SuqGBlyQVAUMDIIFte5P3ggQtIkvlNLTvwIzWIaUoyUlgZjPqcTWpvUG5Zpex2naUPLdJotx8uJ23Fbngtt01qjAUr0JvWP8TTBaURihRmScmRbXPkZEopiRla1cSoJR3iBZmSkaYwiIv1sfe4KXmhlCsNE6IoVXKs/JzIUSbmMAt0ZITWXf71c/M8bpSrs+BmNeapIjItFYcqgSmD+O5xSQbBiS00QFlTfCvEcCYSVTqgIwVsDFqTtlkSn8R3CvWPaLdO9dRvdqzKOKjgD5+AS2KANuuAG9EAfYLAAj+AZvBjceDJejbeitWKUM6fgF4z3L33jkBo=</latexit>

�i
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fede
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Cosmological Evolution
• At background level, coupling to DM modifies early behavior of scalar, 

when field is dominated by kinetic energy

• This direct coupling to DM energy density offers possibility of EDE 
dynamics being triggered by DM becoming the dominant component of 
the Universe.
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Background Numerical Solutions
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Summary
• EDE promising resolution of Hubble tension, but suffers from a  
  coincidence problem. Needs to contribute slightly before matter- 
  radiation equality and end rapidly thereafter. 
• Have proposed two new mechanisms to address this problem, both 
  involving coupling to other components of the energy budget of the  
  universe. 
• If EDE scalar is coupled to neutrinos then it receives an energy  
  injection when they become non-relativistic - around matter-radiation  
  equality for an eV neutrino mass. 
• Displaces scalar up its potential yielding onset of EDE without  
  need to tune the scalar's mass.
• Proposal on verge of being excluded by neutrino mass bounds (Planck -    
  m<0.54eV; Planck + lensing + BAO - m<0.12eV (for LCDM).
• Crucially we need to to make sure that energy injection does not  
  occur at too low a redshift, otherwise models will be disfavored.
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Summary
• If EDE scalar is coupled to dark matter, then the dominance of dark 
  matter at matter-radiation equality triggers the onset of a brief non- 
  negligible contribution of EDE to the cosmic energy budget, also 
  addressing the coincidence challenge of EDE models.
• Furthermore, the coupling alleviates the rather unnatural potentials 
  that have been some of the better fits to the data
• In both cases, a full MCMC analysis is needed to understand the kind 
  of fit our models have to joint cosmological datasets. 
• In the case of neutrino-assisted EDE, that analysis has begun, but is not  
  close to completion yet. In the case of chameleon EDE, we are currently  
  completing the analysis.
• As with other suggestions of new physics, we might expect that it does 
  not exist in a vacuum. These are first attempts to understand the 
  consequences of coupling to other matter.

Thank You!


