
SEARCHING FOR MOTIVATION: 

NEW PHYSICS AND THE HUBBLE TENSION

Fabrizio Rompineve, Tufts University

New England Theoretical Cosmology, Gravity and Fields Workshop,  

July 21, 2020 

based on: 2006.13959, with M. Gonzalez and M. Hertzberg 
              2004.05049, with G. Ballesteros and A. Notari 



OUTLINE

• The Hubble tension 

• decaying Ultra-Light Scalars (dULS) 

• Beyond GR 

• Conclusions



LAMBDA-CDM UNIVERSE

ds2 = dt2 � a(t)2dx2

Flat and expanding

Energy  
ContentEffective picture 

is simple! 

Fundamentally,  
we still don’t understand  

       95%
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THE HUBBLE PARAMETER

H(t) ⌘ ȧ

a

H0 ⌘ H(today)

Expansion rate

Measurement

Late Time

Early Time

z . 1

z ⇠ 1000
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model-independent

model-dependent
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The distance ladder method

Measure redshift z  
and angular distance D Get  H0



THE CMB 

The shape of the CMB power spectrum is sensitive  
to variations of cosmological parameters

By performing a fit of a given model prediction  
to CMB data, one infers the values of parameters, 

including H0 for details, see 
Knox, Millea 19



THE HUBBLE TENSION

69.68± 1
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Chudaykin et al., Planck + SPTPol

Tension between  
Planck ’18 and SH0ES ‘19

4.4�

Other late measurements 
tend to agree with SH0ES, 

but exceptions exist!

Until now, systematics 
claimed to be under 

control.

Motivates search for  
different cosmological model!

Assuming Lambda-CDM
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BEYOND LAMBDA-CDM

Early time solutions mainly rely on adding some  
extra energy before recombination to raise  

the value of the Hubble parameter inferred from the CMB.

Extra component should decay  
at least as fast as radiation 

not to spoil fit to CMB
Poulin, Smith, Karwal, Kamionkowski 18
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BEYOND LAMBDA-CDM

Early time solutions mainly rely on adding some  
extra energy before recombination to raise  

the value of the Hubble parameter inferred from the CMB.

Dark radiation

�Ne↵ = Ne↵ � 3.046
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fields
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with suitable potential which  
switches on around equality

the early Universe tool bag

Poulin, Smith, Karwal, Kamionkowski 18



BEYOND LAMBDA-CDM

Early time solutions mainly rely on adding some  
extra energy before recombination to raise  

the value of the Hubble parameter inferred from the CMB.

Dark radiation

�Ne↵ = Ne↵ � 3.046

<latexit sha1_base64="fRESE1yCTD3AT0mW7LuCyn2O1jA=">AAACEXicbVDJSgNBEO1xjXGLevTSGIRcDDMaXA6CqAdPEsFoIAlDT6cmadKz0F0jhiG/4MVf8eJBEa/evPk3dhZQEx8UvH6viq56XiyFRtv+sqamZ2bn5jML2cWl5ZXV3Nr6jY4SxaHCIxmpqsc0SBFCBQVKqMYKWOBJuPU6Z33/9g6UFlF4jd0YGgFrhcIXnKGR3Fyhfg4SGb100zrCPabg+73e8aX789rZK9qlfTeXt4v2AHSSOCOSJyOU3dxnvRnxJIAQuWRa1xw7xkbKFAouoZetJxpixjusBTVDQxaAbqSDi3p02yhN6kfKVIh0oP6eSFmgdTfwTGfAsK3Hvb74n1dL0D9spCKME4SQDz/yE0kxov14aFMo4Ci7hjCuhNmV8jZTjKMJMWtCcMZPniQ3u0WnVDy6KuVPTkdxZMgm2SIF4pADckIuSJlUCCcP5Im8kFfr0Xq23qz3YeuUNZrZIH9gfXwDxN6c+A==</latexit>

(Pseudo)scalar  
fields

Extra component should decay  
at least as fast as radiation 

not to spoil fit to CMB

with suitable potential which  
switches on around equality

the early Universe tool bag

Poulin, Smith, Karwal, Kamionkowski 18

coincidence problem!



EARLY DARK ENERGY (EDE)

V = m2F 2
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Consider axion-like field with
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EARLY DARK ENERGY (EDE)

V = m2F 2


1� cos
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n = 3

provides best-fit to 
Planck+BAO+Pantheon+SH0ES

m ⇠ Heq, F ⇠ 0.1 Mp

Poulin, Smith, Karwal, Kamionkowski 18

Smith, Poulin, Amin 19 

Consider axion-like field with

4

Figure 1. Contours of constant log10fEDE(zc) (vertical/solid) and log10zc (horizontal/dashed) as a function of the axion mass,
m, and decay constant, f . The red lines show the contours for n = 2 and the black for n = 3. Since H0 = 100h km/s/Mpc =
2.13h ⇥ 10�33 eV the mass parameter of the potential that helps to resolve the Hubble tension ranges between 10�28 eV .
m . 10�26 eV and 0.01 . f/Mpl . 1.

|Vn,��| so that

m
2
n

���� (1 � cos ⇥i)
n�1 (n � 1 + n cos ⇥i)

���� ' 9H
2(zc),

(7)
showing that for a fixed ⇥i a value of m determines zc.
Since the field only starts to become dynamical at zc, the
fraction of the total energy density in the field at zc is
approximately given by

fEDE(zc) ' Vn(⇥i)

⇢tot(zc)
=

m
2
f

2

⇢tot(zc)
(1 � cos ⇥i)

n
. (8)

Eq. (7) shows m
2 / ⇢tot(zc) which implies that fEDE(zc)

is determined by f , n, and ⇥i. Additionally, the rate
at which the field dilutes, i.e., the equation of state once
the field oscillates, is simply set by n through w� ⌘ (n �
1)/(n + 1) [17].

The role of ⇥i is a little more subtle. As first discussed
in Ref. [16], once we have fixed n, zc and fEDE(zc), the
value of ⇥i controls the oscillation frequency of the back-
ground field and in turn, the e↵ective sound speed of the
perturbations. The change in the background oscillation
frequency is clearly visible in Figure 2, where we plot
the evolution of fEDE with z for various n and ⇥i, in
a model where fEDE(zc = 104) = 0.1. Note also that,
at the background level, ⇥i has a suble impact on the
redshift-asymmetry of the energy injection.

Finally we note that if the potential becomes too steep
around its minimum then it is possible for the field to
reach an attractor solution in which it will never oscil-
late. As discussed in Refs. [41, 42] if n > 5 during ra-
diation domination or n > 3 during matter domination
there exists a power-law attractor for � / t

�↵ where
↵ = 2/(2n � 2). Given that the resolution to the Hubble
tension using a canonical scalar field requires oscillations
(to make the e↵ective sound speed smaller than one [14]),
we expect n > 5 to be disfavored by the data. As we dis-
cuss in Sec. III, this is indeed what we find.
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Figure 2. The evolution of the fraction of the total energy
density in the EDE as a function of redshift for zc = 104 and
fEDE(zc) = 0.1. Note that as the initial field displacement
becomes larger the asymmetry of fEDE(z) and oscillation fre-
quency of the background field increases.

B. Linear Perturbations

Most previous work on the cosmological implications
of scalar fields used an approximate set of fluid equations
to evolve the scalar field perturbations [12, 16]. Once the
field starts to oscillate we can average over the oscillations
of the background field to produce a set of approximate
‘cycle-averaged’ fluid equations with an e↵ective sound
speed in the field’s local rest-frame, c

2
s

⌘ h�P�i/h�⇢�i,
which is both scale and time-dependent [43]. Here we do
not make this approximation and instead solve the exact
(linearized) KG equation,

��
00
k

+ 2H��
0
k

+
⇥
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⇤
��k = �h

0
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0
/2, (9)

where the prime denotes derivatives with respect to con-
formal time, we have written the metric potential in syn-
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Caveat: Large Scale Structure (LSS) data 
constrains improvement over Lambda-CDM! 

Ivanov, McDonough, Hill, Simonovic, Toomey, Alexander, Zaldarriaga 20 
D’Amico, Senatore, Zhang, Zheng 20

see talk by Evan later today!
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Eq. (7) shows m
2 / ⇢tot(zc) which implies that fEDE(zc)

is determined by f , n, and ⇥i. Additionally, the rate
at which the field dilutes, i.e., the equation of state once
the field oscillates, is simply set by n through w� ⌘ (n �
1)/(n + 1) [17].

The role of ⇥i is a little more subtle. As first discussed
in Ref. [16], once we have fixed n, zc and fEDE(zc), the
value of ⇥i controls the oscillation frequency of the back-
ground field and in turn, the e↵ective sound speed of the
perturbations. The change in the background oscillation
frequency is clearly visible in Figure 2, where we plot
the evolution of fEDE with z for various n and ⇥i, in
a model where fEDE(zc = 104) = 0.1. Note also that,
at the background level, ⇥i has a suble impact on the
redshift-asymmetry of the energy injection.

Finally we note that if the potential becomes too steep
around its minimum then it is possible for the field to
reach an attractor solution in which it will never oscil-
late. As discussed in Refs. [41, 42] if n > 5 during ra-
diation domination or n > 3 during matter domination
there exists a power-law attractor for � / t

�↵ where
↵ = 2/(2n � 2). Given that the resolution to the Hubble
tension using a canonical scalar field requires oscillations
(to make the e↵ective sound speed smaller than one [14]),
we expect n > 5 to be disfavored by the data. As we dis-
cuss in Sec. III, this is indeed what we find.
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B. Linear Perturbations

Most previous work on the cosmological implications
of scalar fields used an approximate set of fluid equations
to evolve the scalar field perturbations [12, 16]. Once the
field starts to oscillate we can average over the oscillations
of the background field to produce a set of approximate
‘cycle-averaged’ fluid equations with an e↵ective sound
speed in the field’s local rest-frame, c

2
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`        tension’ Recent addition of BOSS full-shape
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SEARCHING FOR MOTIVATION

In this talk instead:  
model-building perspective

Is EDE potential well-motivated from a model-building point of view?

Can better-motivated models convincingly address the tension?

2006.13959, with M. Gonzalez and M. Hertzberg

2006.13959, with M. Gonzalez and M. Hertzberg

2004.05049, with G. Ballesteros and A. Notari 
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EDE potential requires

V (�) ⇠ [1� cos(�/f)]3
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Here instead we want to keep the standard axion potential
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and use the natural structure of the axion lagrangian

to make the axion decay into (dark) gauge fields! 
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and use the natural structure of the axion lagrangian

to make the axion decay into (dark) gauge fields! 
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RESONANT DECAY
Decay should be very fast to keep goodness of fit!

Very interestingly, axion decay to gauge fields  exhibits resonant behavior  
for certain values of gauge field momenta !
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To check performance of the model, implementation 
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but can use effective single fluid model

Treatment of perturbations 
is more subtle.  

We used a simplified picture 
with sound speed tracking 
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RESULTS
10

Parameter ⇤CDM dULS �Ne↵

100 !b 2.254 (2.26)+0.013
�0.014 2.261 (2.249)+0.019

�0.019 2.272 (2.268)± 0.017

!cdm 0.1183 (0.1189)+0.00087
�0.00092 0.1232 (0.124)+0.0023

�0.0024 0.1235 (0.123)±0.0029

109As 2.122 (2.123)+0.03
�0.035 2.138 (2.143)+0.035

�0.04 2.147 (2.135)+0.033
�0.036

ns 0.97 (0.9699)+0.0038
�0.0036 0.9812 (0.9822)+0.0079

�0.0085 0.9793 (0.98)± 0.0062

⌧reio 0.06053 (0.06027)+0.007
�0.0084 0.06042 (0.05883)+0.0079

�0.0086 0.0604 (0.05753)+0.0072
�0.0081

H0 68.24 (68.06)± 0.41 69.69 (69.67)+0.81
�0.83 69.96 (69.82)+0.98

�1

106⌦dULS/�Ne↵ � 7.387 (9.021)+2.9
�3 0.3107 (0.2865)+0.16

�0.17

105ac � 4.526 (6.053)+2.4
�2.5 �

gd � fixed to 1.5 �
�8 0.8097 (0.8119)+0.0061

�0.0067 0.8231 (0.8251)+0.0094
�0.01 0.8245 (0.8215)± 0.01

��
2 0 �7.92 �2.78

Table I. The mean (best-fit in parenthesis) ±1� error of the cosmological parameters obtained by fitting ⇤CDM, the dULS and
the �Ne↵ models to our combined cosmological dataset.

extra fields (e.g. in the spirit of [49], see also [50] for
a clockwork model), but it is still an open question (e.g.,
see [51]). Related issues apply to scalar-scalar models
⇠ � �2, where the required parameters do not arise
naturally from spontaneously broken quartic theories.
Furthermore, direct perturbative decays require O(1)
dimensionless couplings, which can introduce tuning of
the ultralight scalar mass. In summary, our theoretical
results, combined with possible problems from other data
sets, are hints that the full resolution to the Hubble

tension remains unsolved.
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Parameter ⇤CDM dULS �Ne↵

100 !b 2.254 (2.26)+0.013
�0.014 2.261 (2.249)+0.019

�0.019 2.272 (2.268)± 0.017

!cdm 0.1183 (0.1189)+0.00087
�0.00092 0.1232 (0.124)+0.0023

�0.0024 0.1235 (0.123)±0.0029

109As 2.122 (2.123)+0.03
�0.035 2.138 (2.143)+0.035

�0.04 2.147 (2.135)+0.033
�0.036

ns 0.97 (0.9699)+0.0038
�0.0036 0.9812 (0.9822)+0.0079

�0.0085 0.9793 (0.98)± 0.0062

⌧reio 0.06053 (0.06027)+0.007
�0.0084 0.06042 (0.05883)+0.0079

�0.0086 0.0604 (0.05753)+0.0072
�0.0081

H0 68.24 (68.06)± 0.41 69.69 (69.67)+0.81
�0.83 69.96 (69.82)+0.98

�1

106⌦dULS/�Ne↵ � 7.387 (9.021)+2.9
�3 0.3107 (0.2865)+0.16

�0.17

105ac � 4.526 (6.053)+2.4
�2.5 �

gd � fixed to 1.5 �
�8 0.8097 (0.8119)+0.0061

�0.0067 0.8231 (0.8251)+0.0094
�0.01 0.8245 (0.8215)± 0.01

��
2 0 �7.92 �2.78

Table I. The mean (best-fit in parenthesis) ±1� error of the cosmological parameters obtained by fitting ⇤CDM, the dULS and
the �Ne↵ models to our combined cosmological dataset.

extra fields (e.g. in the spirit of [49], see also [50] for
a clockwork model), but it is still an open question (e.g.,
see [51]). Related issues apply to scalar-scalar models
⇠ � �2, where the required parameters do not arise
naturally from spontaneously broken quartic theories.
Furthermore, direct perturbative decays require O(1)
dimensionless couplings, which can introduce tuning of
the ultralight scalar mass. In summary, our theoretical
results, combined with possible problems from other data
sets, are hints that the full resolution to the Hubble

tension remains unsolved.
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the Hubble tension.
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⇡ 0
during radiation  

domination

during matter  
domination

Field is stuck

Field rolls/oscillates

|�G%
N |

����
�

M

����

|�G%
N |

����
�

M

����

z
0.1 1 10 100 1000 104 105

10-10

10-8

10-6

10-4

0.01

1

0.1 1 10 100 1000 104 105
0.05

0.10

0.50

1

z� < �3/16�3/16  � < 0

m
2
/H

2

<latexit sha1_base64="fAc1X1S3y16uo0kMrJJElMmE2Os=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRbBU90tBfVW9NJjBfsB7bZk02wbmmSXJCuUpT/CiwdFvPp7vPlvTNs9aOuDgcd7M8zMC2LOtHHdbye3sbm1vZPfLeztHxweFY9PWjpKFKFNEvFIdQKsKWeSNg0znHZiRbEIOG0Hk/u5336iSrNIPpppTH2BR5KFjGBjpbboV67q/cqgWHLL7gJonXgZKUGGxqD41RtGJBFUGsKx1l3PjY2fYmUY4XRW6CWaxphM8Ih2LZVYUO2ni3Nn6MIqQxRGypY0aKH+nkix0HoqAtspsBnrVW8u/ud1ExPe+CmTcWKoJMtFYcKRidD8dzRkihLDp5Zgopi9FZExVpgYm1DBhuCtvrxOWpWyVy3fPlRLtbssjjycwTlcggfXUIM6NKAJBCbwDK/w5sTOi/PufCxbc042cwp/4Hz+ACaijtA=</latexit>

m
2
/H

2 & 1

<latexit sha1_base64="srZp51cMozR+T+mOzMc0n39Wbe8=">AAAB+XicbVDLTgIxFO34RHyNunTTSExc4QwhUXdENywxkUcCA+mUAg1tZ9LeISET/sSNC41x65+4828sMAsFT9Lk5Jxzc29PGAtuwPO+nY3Nre2d3dxefv/g8OjYPTltmCjRlNVpJCLdColhgitWBw6CtWLNiAwFa4bjh7nfnDBteKSeYBqzQJKh4gNOCVip57qyW7qudkudIdiQxH7PLXhFbwG8TvyMFFCGWs/96vQjmkimgApiTNv3YghSooFTwWb5TmJYTOiYDFnbUkUkM0G6uHyGL63Sx4NI26cAL9TfEymRxkxlaJOSwMisenPxP6+dwOA2SLmKE2CKLhcNEoEhwvMacJ9rRkFMLSFUc3srpiOiCQVbVt6W4K9+eZ00SkW/XLx7LBcq91kdOXSOLtAV8tENqqAqqqE6omiCntErenNS58V5dz6W0Q0nmzlDf+B8/gD93JKe</latexit>



DYNAMICAL TRANSITION  
AROUND EQUALITY

�̈+ 3H�̇� �R� = 0 with R = 6Ḣ + 12H2
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<latexit sha1_base64="srZp51cMozR+T+mOzMc0n39Wbe8=">AAAB+XicbVDLTgIxFO34RHyNunTTSExc4QwhUXdENywxkUcCA+mUAg1tZ9LeISET/sSNC41x65+4828sMAsFT9Lk5Jxzc29PGAtuwPO+nY3Nre2d3dxefv/g8OjYPTltmCjRlNVpJCLdColhgitWBw6CtWLNiAwFa4bjh7nfnDBteKSeYBqzQJKh4gNOCVip57qyW7qudkudIdiQxH7PLXhFbwG8TvyMFFCGWs/96vQjmkimgApiTNv3YghSooFTwWb5TmJYTOiYDFnbUkUkM0G6uHyGL63Sx4NI26cAL9TfEymRxkxlaJOSwMisenPxP6+dwOA2SLmKE2CKLhcNEoEhwvMacJ9rRkFMLSFUc3srpiOiCQVbVt6W4K9+eZ00SkW/XLx7LBcq91kdOXSOLtAV8tENqqAqqqE6omiCntErenNS58V5dz6W0Q0nmzlDf+B8/gD93JKe</latexit>



DISCUSSION

Fit to CMB gives results similar to  
dark radiation when neglecting post-newtonian constraints 
(screening mechanisms? late time dynamics of the field?)

Constraints from LSS?

see 2004.05049 for details
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CONCLUSIONS
• Hubble tension may hint at additional complexity beyond 

Lambda-CDM. 

• Early Dark Energy (EDE) models require tuned UV setups. 

• decaying ultralight scalar (dULS) models are well-behaved 
EFTs, but UV realization requires additional ingredients!

Evidence that EDE/dULS models not convincingly address 
Hubble tension!

• Non-minimally coupled scalars explain why dynamical transition 
occurs around equality! 

• However, tension is only alleviated in simple models.

(complementary to LSS-driven constraints)



THE SEARCH CONTINUES

Thank you for the attention!



BACKUP 



RESONANT DECAY
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<latexit sha1_base64="sfQIaEuIbSa1h4tf64l9ZJxQ6CM="></latexit>

caveat: neglect  
back reaction!

see Kitajima, Sekiguchi, 
 Takahashi 17

s̈k,± +Hṡk,± +
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sk,± = 0

<latexit sha1_base64="q3Uq/DuHcNa7E41+AVFTdtyPgQw="></latexit>

in Fourier space

!2
k ⌘ k(k ⌥ �/f �̇)

<latexit sha1_base64="36Jyte1qEKi3gjKDRjkkNJWAFgY=">AAACE3icbVA9SwNBFNzz2/gVtbRZDIJaxLsQUDvRxlLBaCAXw97mXbLc7t25+y4QjvwHG/+KjYUitjZ2/hs3MYUaBxaGmTe8fROkUhh03U9nanpmdm5+YbGwtLyyulZc37g2SaY51HgiE10PmAEpYqihQAn1VANTgYSbIDob+jc90EYk8RX2U2gq1olFKDhDK7WK+36ioMNa0W3Fh7tM9Gi0G/kqpX4AyA5Cv51g7qddMdhrFUtu2R2BThJvTEpkjItW8cOmeaYgRi6ZMQ3PTbGZM42CSxgU/MxAynjEOtCwNGYKTDMf3TSgO1Zp0zDR9sVIR+rPRM6UMX0V2EnFsGv+ekPxP6+RYXjUzEWcZggx/14UZpJiQocF0bbQwFH2LWFcC/tXyrtMM462xoItwft78iS5rpS9avn4slo6OR3XsUC2yDbZJR45JCfknFyQGuHknjySZ/LiPDhPzqvz9j065Ywzm+QXnPcvnkieBQ==</latexit>

Effective frequency

can go negative

Tachyonic resonance Parametric resonance

see Floquet bands where

sk,± ⇠ eµktP (t)

<latexit sha1_base64="qYhCrdFrGcduB1/oSev49dSSIw8=">AAACC3icbVDLSsNAFJ3UV62vqks3Q4tQQUoiBXVXdOOygn1AU8NkOmmHziRh5kYoIXs3/oobF4q49Qfc+TdOHwttPXDhcM693HuPHwuuwba/rdzK6tr6Rn6zsLW9s7tX3D9o6ShRlDVpJCLV8YlmgoesCRwE68SKEekL1vZH1xO//cCU5lF4B+OY9SQZhDzglICRvGJJe6nrB+koO3VjmbmaS8zuU1cm3ghD1qjAiVcs21V7CrxMnDkpozkaXvHL7Uc0kSwEKojWXceOoZcSBZwKlhXcRLOY0BEZsK6hIZFM99LpLxk+NkofB5EyFQKeqr8nUiK1HkvfdEoCQ73oTcT/vG4CwUUv5WGcAAvpbFGQCAwRngSD+1wxCmJsCKGKm1sxHRJFKJj4CiYEZ/HlZdI6qzq16uVtrVy/mseRR0eohCrIQeeojm5QAzURRY/oGb2iN+vJerHerY9Za86azxyiP7A+fwDiQJry</latexit>

µk > 0

<latexit sha1_base64="WMGSujNCRqxqSIIv8V7hGGvmasU=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoF6k6MVjBfsBbSib7aZdsrsJuxuhhP4ILx4U8erv8ea/cZvmoK0PBh7vzTAzL0g408Z1v53S2vrG5lZ5u7Kzu7d/UD086ug4VYS2Scxj1QuwppxJ2jbMcNpLFMUi4LQbRHdzv/tElWaxfDTThPoCjyULGcHGSt2BSIfRjTus1ty6mwOtEq8gNSjQGla/BqOYpIJKQzjWuu+5ifEzrAwjnM4qg1TTBJMIj2nfUokF1X6WnztDZ1YZoTBWtqRBufp7IsNC66kIbKfAZqKXvbn4n9dPTXjlZ0wmqaGSLBaFKUcmRvPf0YgpSgyfWoKJYvZWRCZYYWJsQhUbgrf88irpXNS9Rv36oVFr3hZxlOEETuEcPLiEJtxDC9pAIIJneIU3J3FenHfnY9FacoqZY/gD5/MH1RGPQg==</latexit>
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Effective frequency

can go negative

Tachyonic resonance Parametric resonance

see Floquet bands where

sk,± ⇠ eµktP (t)
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µk > 0

<latexit sha1_base64="WMGSujNCRqxqSIIv8V7hGGvmasU=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoF6k6MVjBfsBbSib7aZdsrsJuxuhhP4ILx4U8erv8ea/cZvmoK0PBh7vzTAzL0g408Z1v53S2vrG5lZ5u7Kzu7d/UD086ug4VYS2Scxj1QuwppxJ2jbMcNpLFMUi4LQbRHdzv/tElWaxfDTThPoCjyULGcHGSt2BSIfRjTus1ty6mwOtEq8gNSjQGla/BqOYpIJKQzjWuu+5ifEzrAwjnM4qg1TTBJMIj2nfUokF1X6WnztDZ1YZoTBWtqRBufp7IsNC66kIbKfAZqKXvbn4n9dPTXjlZ0wmqaGSLBaFKUcmRvPf0YgpSgyfWoKJYvZWRCZYYWJsQhUbgrf88irpXNS9Rv36oVFr3hZxlOEETuEcPLiEJtxDC9pAIIJneIU3J3FenHfnY9FacoqZY/gD5/MH1RGPQg==</latexit>



RESONANT DECAY
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<latexit sha1_base64="sFJtvmFOIkVhXeISczZGRIrsybU="></latexit>

Energy in the gauge fields



SCALAR RESONANT DECAY
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2
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<latexit sha1_base64="Sq4j+VMNqE3GD4IKM2EYGAZ3atM="></latexit>

Efficient resonant decay for ✏ � m2

�i

<latexit sha1_base64="lOTBfLdmVieXMAozfM/QmXm6BFQ=">AAACB3icbVDLSsNAFJ3UV62vqEtBBovgqiSloO6KblxWsA9oYphMJ+nQyWSYmQgldOfGX3HjQhG3/oI7/8Zpm4W2HrhwOOde7r0nFIwq7TjfVmlldW19o7xZ2dre2d2z9w86Ks0kJm2cslT2QqQIo5y0NdWM9IQkKAkZ6Yaj66nffSBS0ZTf6bEgfoJiTiOKkTZSYB97RCjKUu7FMfQiiXCe3NcnuSeGNKCTwK46NWcGuEzcglRBgVZgf3mDFGcJ4RozpFTfdYT2cyQ1xYxMKl6miEB4hGLSN5SjhCg/n/0xgadGGcAolaa4hjP190SOEqXGSWg6E6SHatGbiv95/UxHF35Oucg04Xi+KMoY1CmchgIHVBKs2dgQhCU1t0I8RCYMbaKrmBDcxZeXSadecxu1y9tGtXlVxFEGR+AEnAEXnIMmuAEt0AYYPIJn8ArerCfrxXq3PuatJauYOQR/YH3+AJoAmc0=</latexit>

fine, since m ⌧ f

<latexit sha1_base64="SU4nHkKxJ9d+W0DLzcYf0JJyRBI=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKexKQL0FvXiMYB6QLGF2MpuMmccyMyuEJf/gxYMiXv0fb/6Nk2QPmljQUFR1090VJZwZ6/vfXmFtfWNzq7hd2tnd2z8oHx61jEo1oU2iuNKdCBvKmaRNyyynnURTLCJO29H4dua3n6g2TMkHO0loKPBQspgRbJ3UEj3OUdwvV/yqPwdaJUFOKpCj0S9/9QaKpIJKSzg2phv4iQ0zrC0jnE5LvdTQBJMxHtKuoxILasJsfu0UnTllgGKlXUmL5urviQwLYyYicp0C25FZ9mbif143tfFVmDGZpJZKslgUpxxZhWavowHTlFg+cQQTzdytiIywxsS6gEouhGD55VXSuqgGter1fa1Sv8njKMIJnMI5BHAJdbiDBjSBwCM8wyu8ecp78d69j0VrwctnjuEPvM8fNeaO6Q==</latexit>
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2
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2
✏��2

<latexit sha1_base64="Sq4j+VMNqE3GD4IKM2EYGAZ3atM="></latexit>

Efficient resonant decay for ✏ � m2

�i

<latexit sha1_base64="lOTBfLdmVieXMAozfM/QmXm6BFQ=">AAACB3icbVDLSsNAFJ3UV62vqEtBBovgqiSloO6KblxWsA9oYphMJ+nQyWSYmQgldOfGX3HjQhG3/oI7/8Zpm4W2HrhwOOde7r0nFIwq7TjfVmlldW19o7xZ2dre2d2z9w86Ks0kJm2cslT2QqQIo5y0NdWM9IQkKAkZ6Yaj66nffSBS0ZTf6bEgfoJiTiOKkTZSYB97RCjKUu7FMfQiiXCe3NcnuSeGNKCTwK46NWcGuEzcglRBgVZgf3mDFGcJ4RozpFTfdYT2cyQ1xYxMKl6miEB4hGLSN5SjhCg/n/0xgadGGcAolaa4hjP190SOEqXGSWg6E6SHatGbiv95/UxHF35Oucg04Xi+KMoY1CmchgIHVBKs2dgQhCU1t0I8RCYMbaKrmBDcxZeXSadecxu1y9tGtXlVxFEGR+AEnAEXnIMmuAEt0AYYPIJn8ArerCfrxXq3PuatJauYOQR/YH3+AJoAmc0=</latexit>

fine, since m ⌧ f

<latexit sha1_base64="SU4nHkKxJ9d+W0DLzcYf0JJyRBI=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKexKQL0FvXiMYB6QLGF2MpuMmccyMyuEJf/gxYMiXv0fb/6Nk2QPmljQUFR1090VJZwZ6/vfXmFtfWNzq7hd2tnd2z8oHx61jEo1oU2iuNKdCBvKmaRNyyynnURTLCJO29H4dua3n6g2TMkHO0loKPBQspgRbJ3UEj3OUdwvV/yqPwdaJUFOKpCj0S9/9QaKpIJKSzg2phv4iQ0zrC0jnE5LvdTQBJMxHtKuoxILasJsfu0UnTllgGKlXUmL5urviQwLYyYicp0C25FZ9mbif143tfFVmDGZpJZKslgUpxxZhWavowHTlFg+cQQTzdytiIywxsS6gEouhGD55VXSuqgGter1fa1Sv8njKMIJnMI5BHAJdbiDBjSBwCM8wyu8ecp78d69j0VrwctnjuEPvM8fNeaO6Q==</latexit>

However, how to justify lightness of          ? �

<latexit sha1_base64="fm/ekoxawjr3C43QtiRnfBFQbOU=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkUL0VvXisYD+gDWWz3TRLdzdhdyOU0L/gxYMiXv1D3vw3btoctPXBwOO9GWbmBQln2rjut1Pa2Nza3invVvb2Dw6PqscnXR2nitAOiXms+gHWlDNJO4YZTvuJolgEnPaC6V3u956o0iyWj2aWUF/giWQhI9jk0pBEbFStuXV3AbROvILUoEB7VP0ajmOSCioN4Vjrgecmxs+wMoxwOq8MU00TTKZ4QgeWSiyo9rPFrXN0YZUxCmNlSxq0UH9PZFhoPROB7RTYRHrVy8X/vEFqwms/YzJJDZVkuShMOTIxyh9HY6YoMXxmCSaK2VsRibDCxNh4KjYEb/XlddK9qnuN+s1Do9a6LeIowxmcwyV40IQW3EMbOkAggmd4hTdHOC/Ou/OxbC05xcwp/IHz+QMDmo4+</latexit>

LUV = |@�|2 � �(|�|2 � v2)2

<latexit sha1_base64="B0HVFUiRL/LAfF8sZGU6DdJXyWo="></latexit>

with � = v + (�+ i�)/
p
2

<latexit sha1_base64="ldX47onxc1LiVlUXoULR8itJidE=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBahUqhJKagLoejGZQX7gCaUyXTSDJ1M4sykUEI3bvwVNy4Uces/uPNvnLZZaPXAhcM593LvPV7MqFSW9WXklpZXVtfy64WNza3tHXN3ryWjRGDSxBGLRMdDkjDKSVNRxUgnFgSFHiNtb3g99dsjIiSN+J0ax8QN0YBTn2KktNQzD51GQC9H5ZITB7RMHRzQk1NH3guVVic9s2hVrBngX2JnpAgyNHrmp9OPcBISrjBDUnZtK1ZuioSimJFJwUkkiREeogHpaspRSKSbzr6YwGOt9KEfCV1cwZn6cyJFoZTj0NOdIVKBXPSm4n9eN1H+uZtSHieKcDxf5CcMqghOI4F9KghWbKwJwoLqWyEOkEBY6eAKOgR78eW/pFWt2LXKxW2tWL/K4siDA3AESsAGZ6AObkADNAEGD+AJvIBX49F4Nt6M93lrzshm9sEvGB/fIDKXuw==</latexit>

m =
p
2�v, ✏ = 2�v

<latexit sha1_base64="uech5/D0muoRQxq6PYLuTsPtrIY=">AAACFnicbVDLSsNAFJ3UV62vqEs3g0VwoSUpBXVRKLpxWcE+oAllMpm0QyeTdGZSKKFf4cZfceNCEbfizr9x2kbQ1gMDh3Pu4c49XsyoVJb1ZeRWVtfWN/Kbha3tnd09c/+gKaNEYNLAEYtE20OSMMpJQ1HFSDsWBIUeIy1vcDP1WyMiJI34vRrHxA1Rj9OAYqS01DXPw6ojh0KlZYfplI8mozPoDBPkQ4fEkrKIV38sOOqaRatkzQCXiZ2RIshQ75qfjh/hJCRcYYak7NhWrNwUCUUxI5OCk0gSIzxAPdLRlKOQSDednTWBJ1rxYRAJ/biCM/V3IkWhlOPQ05MhUn256E3F/7xOooJLN6U8ThTheL4oSBhUEZx2BH0qCFZsrAnCguq/QtxHAmGlmyzoEuzFk5dJs1yyK6Wru0qxdp3VkQdH4BicAhtcgBq4BXXQABg8gCfwAl6NR+PZeDPe56M5I8scgj8wPr4B3NWfMQ==</latexit>

then

and condition above requires |�i| � v

<latexit sha1_base64="5MdmNYEeLj42fUt0Ar7rhXPY6vo=">AAACAHicbZDLSsNAFIZP6q3WW9SFCzeDRXBVEimou6IblxXsBZoQJtNJOnRyYWZSKKEbX8WNC0Xc+hjufBunaRbaemDg4//P4cz5/ZQzqSzr26isrW9sblW3azu7e/sH5uFRVyaZILRDEp6Ivo8l5SymHcUUp/1UUBz5nPb88d3c702okCyJH9U0pW6Ew5gFjGClJc88cbi2lZOOmMccUXAYooln1q2GVRRaBbuEOpTV9swvZ5iQLKKxIhxLObCtVLk5FooRTmc1J5M0xWSMQzrQGOOISjcvDpihc60MUZAI/WKFCvX3RI4jKaeRrzsjrEZy2ZuL/3mDTAXXbs7iNFM0JotFQcaRStA8DTRkghLFpxowEUz/FZERFpgonVlNh2Avn7wK3cuG3WzcPDTrrdsyjiqcwhlcgA1X0IJ7aEMHCMzgGV7hzXgyXox342PRWjHKmWP4U8bnD0Pdlto=</latexit>
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fine, since m ⌧ f
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However, how to justify lightness of          ? �

<latexit sha1_base64="fm/ekoxawjr3C43QtiRnfBFQbOU=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkUL0VvXisYD+gDWWz3TRLdzdhdyOU0L/gxYMiXv1D3vw3btoctPXBwOO9GWbmBQln2rjut1Pa2Nza3invVvb2Dw6PqscnXR2nitAOiXms+gHWlDNJO4YZTvuJolgEnPaC6V3u956o0iyWj2aWUF/giWQhI9jk0pBEbFStuXV3AbROvILUoEB7VP0ajmOSCioN4Vjrgecmxs+wMoxwOq8MU00TTKZ4QgeWSiyo9rPFrXN0YZUxCmNlSxq0UH9PZFhoPROB7RTYRHrVy8X/vEFqwms/YzJJDZVkuShMOTIxyh9HY6YoMXxmCSaK2VsRibDCxNh4KjYEb/XlddK9qnuN+s1Do9a6LeIowxmcwyV40IQW3EMbOkAggmd4hTdHOC/Ou/OxbC05xcwp/IHz+QMDmo4+</latexit>

LUV = |@�|2 � �(|�|2 � v2)2

<latexit sha1_base64="B0HVFUiRL/LAfF8sZGU6DdJXyWo="></latexit>

with � = v + (�+ i�)/
p
2

<latexit sha1_base64="ldX47onxc1LiVlUXoULR8itJidE=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBahUqhJKagLoejGZQX7gCaUyXTSDJ1M4sykUEI3bvwVNy4Uces/uPNvnLZZaPXAhcM593LvPV7MqFSW9WXklpZXVtfy64WNza3tHXN3ryWjRGDSxBGLRMdDkjDKSVNRxUgnFgSFHiNtb3g99dsjIiSN+J0ax8QN0YBTn2KktNQzD51GQC9H5ZITB7RMHRzQk1NH3guVVic9s2hVrBngX2JnpAgyNHrmp9OPcBISrjBDUnZtK1ZuioSimJFJwUkkiREeogHpaspRSKSbzr6YwGOt9KEfCV1cwZn6cyJFoZTj0NOdIVKBXPSm4n9eN1H+uZtSHieKcDxf5CcMqghOI4F9KghWbKwJwoLqWyEOkEBY6eAKOgR78eW/pFWt2LXKxW2tWL/K4siDA3AESsAGZ6AObkADNAEGD+AJvIBX49F4Nt6M93lrzshm9sEvGB/fIDKXuw==</latexit>

m =
p
2�v, ✏ = 2�v

<latexit sha1_base64="uech5/D0muoRQxq6PYLuTsPtrIY=">AAACFnicbVDLSsNAFJ3UV62vqEs3g0VwoSUpBXVRKLpxWcE+oAllMpm0QyeTdGZSKKFf4cZfceNCEbfizr9x2kbQ1gMDh3Pu4c49XsyoVJb1ZeRWVtfWN/Kbha3tnd09c/+gKaNEYNLAEYtE20OSMMpJQ1HFSDsWBIUeIy1vcDP1WyMiJI34vRrHxA1Rj9OAYqS01DXPw6ojh0KlZYfplI8mozPoDBPkQ4fEkrKIV38sOOqaRatkzQCXiZ2RIshQ75qfjh/hJCRcYYak7NhWrNwUCUUxI5OCk0gSIzxAPdLRlKOQSDednTWBJ1rxYRAJ/biCM/V3IkWhlOPQ05MhUn256E3F/7xOooJLN6U8ThTheL4oSBhUEZx2BH0qCFZsrAnCguq/QtxHAmGlmyzoEuzFk5dJs1yyK6Wru0qxdp3VkQdH4BicAhtcgBq4BXXQABg8gCfwAl6NR+PZeDPe56M5I8scgj8wPr4B3NWfMQ==</latexit>

then

and condition above requires |�i| � v

<latexit sha1_base64="5MdmNYEeLj42fUt0Ar7rhXPY6vo=">AAACAHicbZDLSsNAFIZP6q3WW9SFCzeDRXBVEimou6IblxXsBZoQJtNJOnRyYWZSKKEbX8WNC0Xc+hjufBunaRbaemDg4//P4cz5/ZQzqSzr26isrW9sblW3azu7e/sH5uFRVyaZILRDEp6Ivo8l5SymHcUUp/1UUBz5nPb88d3c702okCyJH9U0pW6Ew5gFjGClJc88cbi2lZOOmMccUXAYooln1q2GVRRaBbuEOpTV9swvZ5iQLKKxIhxLObCtVLk5FooRTmc1J5M0xWSMQzrQGOOISjcvDpihc60MUZAI/WKFCvX3RI4jKaeRrzsjrEZy2ZuL/3mDTAXXbs7iNFM0JotFQcaRStA8DTRkghLFpxowEUz/FZERFpgonVlNh2Avn7wK3cuG3WzcPDTrrdsyjiqcwhlcgA1X0IJ7aEMHCMzgGV7hzXgyXox342PRWjHKmWP4U8bnD0Pdlto=</latexit>

standard resonance analysis 
does not apply! 
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