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The universe is an enormous direct product of representations of symmetry groups.


- Steven Weinberg -
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…  Global competitions

non-gravitational

interaction

…  Least understood
Quintessence [Ratra, Peebles (1988)] 
 : first dark energy field model with a singlet scalar 

Gauged Quintessence [Kaneta, LEE, Lee, Yi (2023)] 
 : first gauge symmetry model in 
   the quintessence scalar field



1. Quintessence at a glance 
2. Gauged quintessence 
3. Misalignment mechanism for the vector boson production 
4. Evolution of the universe 
5. Remarks on the Hubble tension 
6. Non-gravitational signals

Outline of this talk
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Quintessence at a glance



<latexit sha1_base64="6H34bG9rGFAhRVwoee3lflBcK2k="></latexit>

V ⇡ ⇢⇤ = ⇤/8⇡G

Quintessence

Quintessence 
- Proposed by Ratra and Peebles (1988). 
- Dynamic dark energy model with a scalar field ( ). 
- A scalar rolls down a potential slowly in the late universe. 
- Its potential energy is identified as the dark energy. 
- Tracking behavior: The  initial value does not really matter. Only the potential 

determines the present time value of  and its equation of state  (addressing 
the cosmological coincidence problem) [Steinhardt, Wang, Zlatev (1999)].

ϕ
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7

(ex) Ratra-Peebles inverse power potential
<latexit sha1_base64="Xu87Ix+dKXlQdIIqqPfXaHvwRKs="></latexit>

V (�) =
M↵+4

|�|↵



(equation of state)

<latexit sha1_base64="3ZXrHepZhNMOmMkpY7K7WL0Itvc="></latexit>

gµ⌫ = Diag{�1, a(t)2, a(t)2, a(t)2}

<latexit sha1_base64="I2WUWhZuayg/q06ZkmCDxFM4UIA="></latexit>

⇢ / a�3(1+w)

(equation of motion)
<latexit sha1_base64="WKKIhbyGOSecCulmO1Wqg8WuCVg="></latexit>

H ⌘ ȧ

a
(Hubble parameter)

<latexit sha1_base64="kvK9hF83pEd0fFAgbq77X9lWpDw=">AAACGHicbVDLSgMxFM3UV62vUZdugkVwVWcKPhCUghuXFewDOnXIpJk2NPMgyQhlmG9wIW5cCn6FGxeKuO1CcOenmOkU0dYDgZNz7r3JPU7IqJCG8anlZmbn5hfyi4Wl5ZXVNX19oy6CiGNSwwELeNNBgjDqk5qkkpFmyAnyHEYaTv8s9RvXhAsa+JdyEJK2h7o+dSlGUkm2vufZVtijV2V4Ai2XIxxbIeKSIqakevJzg1lVYutFo2SMAKeJOSbFyvHNx+Ptw1fV1odWJ8CRR3yJGRKiZRqhbMfpVMxIUrAiQUKE+6hLWor6yCOiHY8WS+COUjrQDbg6voQj9XdHjDwhBp6jKj0ke2LSS8X/vFYk3aN2TP0wksTH2UNuxKAMYJoS7FBOsGQDRRDmVP0V4h5S8UiVZUGFYE6uPE3q5ZJ5UNq/UGmcggx5sAW2wS4wwSGogHNQBTWAwR14Ai/gVbvXnrU37T0rzWnjnk3wB9rwGzVWpF8=</latexit>

m2
� =

@2V

@�2

<latexit sha1_base64="qJkv+pRXUM+Fc6ap8sg8F4w621k="></latexit>
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<latexit sha1_base64="LqL2/YkC+SrHBjLkZH5ndeEYf90="></latexit>
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<latexit sha1_base64="eMSE2Ia0GpSoxs3BT3mNAhfLSfE="></latexit>

for �̇2 ⌧ V (�)

(  for the accelerated expansion.   for 𝚲)w < − 1/3 w = − 1

(slow-roll)

(  decreases for a Ratra-Peebles potential.)mϕ

Quintessence
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<latexit sha1_base64="hFem63AH7vumakvo9a67ZmZAvBM="></latexit>

ä

a
= �4⇡G

3
(1 + 3w)⇢



<latexit sha1_base64="6H34bG9rGFAhRVwoee3lflBcK2k="></latexit>

V ⇡ ⇢⇤ = ⇤/8⇡G

Conditions for the quintessence dark energy

Quintessence
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(present dark energy density)

(slow-roll)

<latexit sha1_base64="x5yaAusm6lJ6Mn2eSnTbe1UDECA="></latexit>

V ⇠ 10�123M4
Pl ⇠ 3⇥ 10�47 GeV4

<latexit sha1_base64="m8ydb1eIihG65/Khz62qm0SoBs8="></latexit>

m� . H0 ⇠ 10�42 GeV
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Gauged quintessence



Gauged Quintessence

We introduce a dark U(1) gauge symmetry to the quintessence scalar.

: complex scalar under the U(1)dark gauge symmetry

<latexit sha1_base64="QY1xB5UacqkojD4Nt5lIVsRAsyU="></latexit>

� =
1p
2
� ei⌘

<latexit sha1_base64="GItYHHx8stV377ap+GI8ckZDkss=">AAADJXicjZLLjtMwFIadcBvKrQNLNhYVo7JolUTlphFoBCxYlks7keokclwntca5YDuIKpOXYcOrsGHBCCGx4lVw0kwJDAuOFOnXf86Jv/xxmHMmlWX9MMxz5y9cvLRzuXfl6rXrN/q7N+cyKwShM5LxTLghlpSzlM4UU5y6uaA4CTk9DI+e1/3D91RIlqVv1TqnXoLjlEWMYKWtYNfYfwP3nkDEUgWX/uQDRPsQyXdClaO4Qs 9YvECRwKS0q9KpYBKUU175DnwNR8cvghIlRYWmK3bsO6N5YA1rfW+03ZhUKMFqFYalWzXDKC06ln9qwfogDyLU24P/y9JF6dhDlGOhGOYtXK6BTuFqDbt07hbK/c3SfVscuL5T7/nOZrYdbImD/sAaW03Bs8JuxQC0NQ36J2iZkSKhqSIcS7mwrVx5ZU1MOK16qJA0x+QIx3ShZYoTKr2y+csVvKudJYwyoR+dUON2N0qcSLlOQj1ZRyz/7tXmv3qLQkWPvJKleaFoSjYHRQWHKoP1lYFLJihRfK0FJoJpVkhWWIek9MXqNSE8ruv+9pPPirkzth+MJ68mg4OnbRw74Da4A4bABg/BAXgJpmAGiPHR+Gx8NU7MT+YX85v5fTNqGu3OLfBHmT9/AbWcAPw=</latexit>
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<latexit sha1_base64="uOcUF9fhCBR00WI2fhnwRCwAObE="></latexit>�
in unitary gauge : ⌘ = 0, Xµ = Xµ +

1

gX
@µ⌘

�
<latexit sha1_base64="xhagq5+pGQIJgg/AmductNJpYzk=">AAAB9XicdVA9SwNBEN2LXzF+RS1tVoNgFS6nJtpIwMZSwcRAcoa9zSRZsvfB7pwajhTW1oKNhSK2/hc7/417RkFFHww83pthZp4XSaHRtt+szMTk1PRMdjY3N7+wuJRfXqnrMFYcajyUoWp4TIMUAdRQoIRGpID5noQzb3CY+mcXoLQIg1McRuD6rBeIruAMjXReb7cQrjDpsbgHo3a+YBf398rOrkPtom1XnO1ySpzKjrNNS0ZJUaiuX8qbw9vr43b+tdUJeexDgFwyrZslO0I3YQoFlzDKtWINEeMD1oOmoQHzQbvJx9UjummUDu2GylSA9EP9PpEwX+uh75lOn2Ff//ZS8S+vGWN3z01EEMUIAR8v6saSYkjTCGhHKOAoh4YwroS5lfI+U4yjCSpnQvj6lP5P6k6xVC7unpg0DsgYWbJGNsgWKZEKqZIjckxqhBNF7sgDebQurXvryXoet2asz5lV8gPWyzuxSpZL</latexit>

Vgauge

<latexit sha1_base64="O2F7aYSnUuvYr5DAXrvobwZctYo="></latexit>

Dµ ⌘ @µ + igXXµ

<latexit sha1_base64="Rvv3erZ0FAYgu3250NDBzTFKf1E="></latexit>

(� : quintessence scalar)

(⌘ : longitudinal component of the dark gauge boson X)
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<latexit sha1_base64="c2gMUffN48TePJPpxR6dqB9fiIc="></latexit>
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+
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, m2

X |0 = g2X�2 (tree-level masses)



<latexit sha1_base64="6NoaKKEYLT7HXU9xT6yuOLiMWfE="></latexit>

V0(�) =
M↵+4

|�|↵

As the quintessence  rolls down the potential, 
both  and  change over cosmic evolution.

ϕ
mϕ mX

 decreasesmϕ

 increasesmX

(for a run-away potential)

Masses vary over cosmic evolution
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<latexit sha1_base64="c2gMUffN48TePJPpxR6dqB9fiIc="></latexit>

m2
�|0 =
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+

@2Vgauge

@�2
, m2

X |0 = g2X�2 (tree-level masses)



Boltzmann equations for mass-varying  and ϕ X

The energy flow between the quintessence scalar and the dark gauge boson is 
proportional to the .·mX

<latexit sha1_base64="h+Be2NbW4bcx7vNxqhlr1ORhLS0="></latexit>

⇢̇� + 3H(⇢� + p�) = �ṁX

mX

(⇢X � 3pX)

⇢̇X + 3H(⇢X + pX) =
ṁX

mX

(⇢X � 3pX)

<latexit sha1_base64="ixcabybH+JzOq/jLdBv8s0DoIiE="></latexit>

ṁX > 0 : Energy flows from � to X

ṁX < 0 : Energy flows from X to �
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(Neglecting the collision term)



Potential modified by the gauge symmetry

<latexit sha1_base64="0bQdf5rPZACj0bXpUfAig1jpLMY="></latexit>

V = V0 +
1

2
g2XXµX

µ�2

original potential

<latexit sha1_base64="mwaOmABz0/twNZ55pyqSkZIs0WY="></latexit>
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1

2
g2XXµX

µ�2
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Combined, they provide interesting phenomenology of the universe.



1-loop effective potential in the gauged quintessence model

Quantum corrections in the gauged quintessence

<latexit sha1_base64="tjSxOcwJ8jfDtX4YnQFzDPtZf4U="></latexit>
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1-loop correction of the quintessence

Additional 1-loop correction due to the -bosonX
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X |0 = (gX�)2



Quantum corrections in the gauged quintessence

<latexit sha1_base64="DolUAuwe+JURsu/X+CjWou83c1Y="></latexit>
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1-loop effective potential in the gauged quintessence model
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independent of potential V0
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(present dark energy density)

(slow-roll)

<latexit sha1_base64="x5yaAusm6lJ6Mn2eSnTbe1UDECA="></latexit>

V ⇠ 10�123M4
Pl ⇠ 3⇥ 10�47 GeV4

<latexit sha1_base64="m8ydb1eIihG65/Khz62qm0SoBs8="></latexit>

m� . H0 ⇠ 10�42 GeV

Conditions for the quintessence dark energy
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m2
X |0 = (gX�)2



Potential-independent constraints (at present universe)

dark energy density

slow-roll

<latexit sha1_base64="bQDTSw2rDxicJQ6Z7hSdHnsDFs4=">AAACEXicbVDLSsNAFJ34rPUVdelmsAgFoSSlvhZCwY0boYJ9QNOWyXTSDJ08mJkIJc0vuPEz3LpRVMStK935N06bLrT1wIXDOfdy7z12yKiQhvGtzc0vLC4tZ1ayq2vrG5v61nZNBBHHpIoDFvCGjQRh1CdVSSUjjZAT5NmM1O3++civ3xAuaOBfy0FIWh7q+dShGEkldfR8rWPAM2g5HOH4sh1biIUuOiglSTy0QpcO26mSdPScUTDGgLPEnJBcufh5b50+P1U6+pfVDXDkEV9ihoRomkYoWzHikmJGkqwVCRIi3Ec90lTURx4RrXj8UQL3ldKFTsBV+RKO1d8TMfKEGHi26vSQdMW0NxL/85qRdE5aMfXDSBIfp4uciEEZwFE8sEs5wZINFEGYU3UrxC5S4UgVYlaFYE6/PEtqxYJ5VDi8UmmUQIoM2AV7IA9McAzK4AJUQBVgcAsewAt41e60R+1Ne09b57TJzA74A+3jB3dMoS8=</latexit>

V0 =
M↵+4

|�|↵

(Blue band: Ratra-Peebles potential case)
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Misalignment mechanism 
for the vector boson production



Misalignment mechanism for coherent scalar oscillation

Misalignment mechanism is a popular production 
mechanism of a coherent scalar field (such as QCD 
axion DM).

[Preskill, Wise, Wilczek (1983)] [Abbott, Sikivie (1983)] [Dine, Fischler (1983)]

<latexit sha1_base64="3LrP2XKDcDKGJ2xkokFT/PM20yg="></latexit>

'̈+ 3H'̇+m
2
'' = 0

<latexit sha1_base64="vgVIi4Asru1QraID48XV/ZpD990="></latexit>

⇢' =
1

2
'̇2 +

1

2
m2

''
2

(i) Inflation makes  spatially homogeneous: . 
(ii) Initially, Hubble friction is large ( ), which makes  frozen and  constant. 
(iii) When Hubble friction decreases sufficiently ( ), a coherent  oscillation begins 

around the potential minimum. 
(iv) The oscillator has , behaving as non-relativistic matter ( );  is a CDM 

despite of lightness.  (QCD axion DM:  eV) 

φ φ(t, ⃗x) = φ(t)
H > mφ φ ρφ

H ≲ mφ φ

pφ = 0 ρφ ∝ a−3 φ
ma ∼ 10−6 − 10−2

   <latexit sha1_base64="RFca0H63eysnP8nmIfCxTitmDs8=">AAAB8XicbVDLSgNBEOyJrxhfUU/iZTAI8RJ2BV+3gBePEcwDkyXMTmaTIbOzy8xsICwBP8KLB0W8+jfe/Btnkxw0saChqOqmu8uPBdfGcb5RbmV1bX0jv1nY2t7Z3SvuHzR0lCjK6jQSkWr5RDPBJasbbgRrxYqR0Bes6Q9vM785YkrzSD6Yccy8kPQlDzglxkqPjXJnRFQ84GfdYsmpOFPgZeLOSal69AQZat3iV6cX0SRk0lBBtG67Tmy8lCjDqWCTQifRLCZ0SPqsbakkIdNeOr14gk+t0sNBpGxJg6fq74mUhFqPQ992hsQM9KKXif957cQE117KZZwYJulsUZAIbCKcvY97XDFqxNgSQhW3t2I6IIpQY0Mq2BDcxZeXSeO84l5WLu5tGjcwQx6O4QTK4MIVVOEOalAHChKe4RXekEYv6B19zFpzaD5zCH+APn8AE8ORQQ==</latexit>

V (')

   <latexit sha1_base64="2eqJLHKo0kY+K8nDFvwYP6Hpbj0=">AAAB7nicbVC7SgNBFL3rM8ZXNKXNYBCswm7AVxewsYxgsoFkCbOT2WTI7OwwMxsISz7CxkIR23yIlaWdn+EfOHkUmnjgwuGce7n3nlBypo3rfjlr6xubW9u5nfzu3v7BYeHouKGTVBFaJwlPVDPEmnImaN0ww2lTKorjkFM/HNxOfX9IlWaJeDAjSYMY9wSLGMHGSn57iJXss06h5JbdGdAq8RakVC1+v1c+/EmtU/hsdxOSxlQYwrHWLc+VJsiwMoxwOs63U00lJgPcoy1LBY6pDrLZuWN0ZpUuihJlSxg0U39PZDjWehSHtjPGpq+Xvan4n9dKTXQdZEzI1FBB5ouilCOToOnvqMsUJYaPLMFEMXsrIn2sMDE2obwNwVt+eZU0KmXvsnxxb9O4gTlycAKncA4eXEEV7qAGdSAwgEd4hhdHOk/Oq/M2b11zFjNF+ANn8gPfV5Om</latexit>'

19

Also, look at Sreemanti Chakraborti’s talk (Wed).



Misalignment mechanism for coherent vector oscillation

Unlike the scalar case, the  is highly suppressed by the scale factor, and it is 
hard to retain the  through the inflation. (Typical inflation e-folding is 60.) 

Naive misalignment does not really work for a sizable vector boson production.

ρX
ρX

vector fields in one direction in visible universe 
(during/after inflation)

vector fields in random direction 
(before the inflation)
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As  increases by many orders of magnitude, 
 may increase by many orders of magnitude too 

overcoming the suppression by the scale factor.

ϕ
mX

 increasesmX

(for a run-away potential)

Vector misalignment in the gauged quintessence model
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Misalignment mechanism with a mass-varying vector boson 
may work to produce a sizable vector boson energy density.

Vector misalignment in the gauged quintessence model
(when X is the whole DM)
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Evolution of the universe



Equations of motion for  and  (coupled via gauge)ϕ X V
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ρCDM The dynamics of  and  change drastically when 
the hierarchy among , ,  change over time.

ϕ X
mϕ mX H
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Illustration of how things evolve over the cosmic time. 

 may have a sizable relic density, but we assume it 
is a subdominant DM (less than 10% relic density of 
the dominant CDM).

X

(i) H > mϕ, mX (ii) mϕ > H > mX (iii) mX, mϕ > H

Benchmark parameters: , ,  
,  (at )

α = 1 M = 2.2 × 10−6 GeV gX = 10−39
·X = 0 ·ϕ = 0 a = 10−12
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mϕ

mX
H
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(iii)(i) (ii)

 : Both  and  are frozen by Hubble friction. 
 :  is frozen, but  rolls down potential. 

 :  is in coherent oscillations (DM),  rolls.

(i) H > mϕ, mX ϕ X
(ii) mϕ > H > mX X ϕ
(iii) mX, mϕ > H X ϕ

(i) (ii) (iii)

mX

mϕ

H
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ρϕ/ρCDM
ρX /ρCDM

10-12 10-9 10-6 10-3 1
10-18

10-15

10-12

10-9

10-6

10-3

1

10-1210-910-610-3

10-18

10-15

10-12

10-9

10-6

10-3

1


N
or
m
al
iz
ed
De
ns
ity

(ρ
/ρ
CD
M
)

Temperature (GeV)

(iii)(i) (ii)

 : Both  and  are frozen by Hubble friction. 
 :  is frozen, but  rolls down potential. 

 :  is in coherent oscillations (DM),  rolls.

(i) H > mϕ, mX ϕ X
(ii) mϕ > H > mX X ϕ
(iii) mX, mϕ > H X ϕ

(i) (ii) (iii)

∝ ρX

∝ ρϕ
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(iii)(i) (ii)

 : Both  and  are frozen by Hubble friction. 
 :  is frozen, but  rolls down potential. 

 :  is in coherent oscillations (DM),  rolls.

(i) H > mϕ, mX ϕ X
(ii) mϕ > H > mX X ϕ
(iii) mX, mϕ > H X ϕ

When gauge ~  becomes sizable, it affects the 
quintessence dynamics.  oscillates around the 
minimum of the potential until gauge becomes 
subdominant.  gets back to the tracking solution.

V ρX
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V
ϕ
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(iii)(i) (ii)

 : Both  and  are frozen by Hubble friction. 
 :  is frozen, but  rolls down potential. 

 :  is in coherent oscillations (DM),  rolls.

(i) H > mϕ, mX ϕ X
(ii) mϕ > H > mX X ϕ
(iii) mX, mϕ > H X ϕ

(i) (ii) (iii)

uncoupled ϕ
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When gauge ~  becomes sizable, it affects the 
quintessence dynamics.  oscillates around the 
minimum of the potential until gauge becomes 
subdominant.  gets back to the tracking solution.

V ρX
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V
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The oscillation in the  equation of state reflects the 
 oscillation around the minimum of the potential. 

After gauge becomes subdominant, it restores 
tracking solution.

ϕ
ϕ

V
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(iii)(i) (ii)

 : Both  and  are frozen by Hubble friction. 
 :  is frozen, but  rolls down potential. 

 :  is in coherent oscillations (DM),  rolls.

(i) H > mϕ, mX ϕ X
(ii) mϕ > H > mX X ϕ
(iii) mX, mϕ > H X ϕ
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Hubble tension



Modern measurements of the Hubble constant

(i) By fitting CMB data to the 𝚲-CDM 
model

 Planck Satellite

(ii) With the observation of the expansion 
: standard candles (Cepheid variables 
+ Supernovae) and redshifts

 Hubble Space Telescope
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v = H0D

(early Universe)

(late Universe)
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Hubble tension: 
significant discrepancy in H0 values between the early and late universe. 
(Potential hint of the new cosmology.)

H0 ~ 67 km/s/Mpc

H0 ~ 73 km/s/Mpc

However, look at Pasquale Di Bari’s talk (Thu).

(precise but model-dependent)

(less precise but model-independent)



Sound horizon in CMB

 Planck Satellite
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Addressing Hubble tension with a new DE model is constrained by 
baryon acoustic oscillations.



Baryon Acoustic Oscillations

(early universe)

(late universe)

(observed quantity)

r
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DE became dominant only in the late universe. 
Unless we want to bring new physics in the early universe changing the sound 
horizon ( , early universe physics), the comoving distance to the last scattering 
( , late universe physics) should remain intact with a new DE model.

r
D



Hubble tension
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(𝚲-CDM)

(𝚲-CDM)

To keep  unchanged, a larger  (resolving 
Hubble tension) should be compensated by a 
smaller  in the recent past 
: It demands (DE) < -1 (𝚲-CDM value). 

In the uncoupled quintessence model, 
(DE) > -1 (worsening Hubble tension). 

If an interacting DE model with (DE) < -1 
can be found, it may alleviate Hubble tension.

D H0

H
w

w

weff

(larger )H0
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[Valentino, Melchiorri, Mina (2017)] 
[Lee, Lee, Colgain, Sheikh-Jabbari, Thakur (2022)]
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 for the effective DE density in the gauged quintessencew

For ,  is lower than the uncoupled quintessence. 
It can be even lower than the 𝚲-CDM (  = -1). 
Possibility of alleviating the Hubble tension. (It requires numerical fitting study.)

·mX > 0 weff(D̃E)
w
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For , , α = 1/16 M = 6.3 × 10−12 GeV gX = 10−39
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Non-gravitational signals



(i)  Vector Portal 

(ii)  Axion Portal 

(iii) Higgs Portal 

(iv) Neutrino Portal 

(v)  Dark Axion Portal

Using the portal concept

 |S|2|H|2 + µS|H|2

y LHN

How can we have non-gravitational signals of the gauged quintessence model? 
The portal is a popular concept in studying the dark matter physics. 
We adopt it to study the dark energy sector (specifically, the vector portal).

Dark photon (X)

Photon (ɣ)

Photon (ɣ)

Dark Higgs

Photon (ɣ)

Dark photon (X)

Photon (ɣ)

Axion (a)

Higgs

Axion (a)

Ga��

4
aFµ⌫ F̃

µ⌫

Right-Handed neutrinoNeutrino
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Production of the dark gauge boson

Effective kinetic mixing of the photon and dark photon in thermal bath:

Redondo (2008)
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2
Fµ⌫X

µ⌫ We take the vector portal 
for the dark gauge boson production & decay.



Decay of the dark gauge boson

The typical (mass-fixed) dark photon has only one dominant decay mode (either 
 or ) depending on the dark photon mass. 

The mass-varying dark photon’s dominant decay mode may change over cosmic 
time. We may have both signals (  and ).

γγγ e+e−

γγγ e+e−



Decay of the dark gauge boson

 are highly non-relativistic.e+e−

 spectrum is much sharper.γ

The signals have unique features in their energies, too.



Constraints on the kinetic mixing and dark gauge coupling
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Concluding remarks



 … Well understood

SU(3)xSU(2)xU(1)

A lot of studies
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…  Global competitions

…  Least understood

It is about time to investigate  
more the governing symmetry 

in the dark energy sector!

We can use many skills/methods we developed for the DM sector in the DE sector.



 … Well understood

SU(3)xSU(2)xU(1)

A lot of studies

44

…  Global competitions

…  Least understood

The universe is an enormous direct product of representations of symmetry groups.


- Steven Weinberg -

It is about time to investigate  
more the governing symmetry 

in the dark energy sector!



Summary

1. We introduced the first gauge symmetry model for a popular 
quintessence dark energy scalar field. 

2. The interaction between the quintessence and the gauge boson 

( ) brings many interesting features to the 

universe evolution. 

3. The mass-varying effect of the  gauge boson may overcome the 
problem of the vector boson misalignment mechanism (scaling 
factor suppression). 

4. Hubble tension might be alleviated. (Need quantitative study) 

5. Our study may serve as a proof of concept that the dark energy 
sector can be studied using the gauge principle. (Gauge interaction 
for the dark energy)

Vgauge =
1
2

g2
Xϕ2XμXμ

X
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Back-up



Gauged Quintessence

Equations of motion for  and  (coupled via gauge)ϕ X V
<latexit sha1_base64="/6w5xQNZdVkVZWwZAmTGrbFEIuw="></latexit>
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Energy-momentum tensor
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ρϕ =
1
2

·ϕ2 + V0(ϕ) , ρX = ρϕ+X − ρX

pϕ =
1
2

·ϕ2 − V0(ϕ) , pX = pϕ+X − pϕ
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4 )
Ratra-Peebles potential (with quantum corrections)
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Quintessence dynamics (without a gauge symmetry)
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Balancing between the potential slope and Hubble friction results in the common 
tracking solution for the quintessence. The present values are not sensitive to its 
initial values (quintessence tracking behavior).
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Effective DE density

Developed in the DE-DM interaction model. 

Take the effective DM density ( ) for the constant mass with  scaling part. 
The remaining mass-varying part is absorbed in the effective DE density ( ).

ρC̃DM a−3

ρD̃E

50

<latexit sha1_base64="ov4JXl1/HbWGCPJye/7cnq+DnGQ="></latexit>

a3⇢X
mX

=
⇢0X
m0

X

<latexit sha1_base64="WynRJl+0n0GBS6faNuQAiPv5LpI="></latexit>

⇢CDM + ⇢X + ⇢� = ⇢0CDMa�3 +
mX

m0
X

⇢0Xa�3 + ⇢�

=
h �

⇢0CDM + ⇢0X
�
a�3

i
+
h✓mX

m0
X

� 1

◆
⇢0Xa�3 + ⇢�

i

= ⇢
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⇢̇+ 3H(1 + w)⇢ = 0

[Das, Corasaniti, Khoury (2006)]

:  for the effective DE density in the gauged quintessenceweff
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Adiabatic condition
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