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0 1  ·  T H E  D A R K  S E C T O R

Dark matter: we know how much, not what

27%
dark matter

● 27% dark matter    ● 5% baryons    ● 68% dark energy

≈ 5× more than ordinary matter

Ω
c
h2 ≈ 0.12 (Planck 2018): only interacts gravitationally

Cold and collisionless

Slow enough to cluster on small scales

Adiabatic

Its fluctuations track the photons: isocurvature ≲ a few %

C A N D I D A T E  M A S S E S  S P A N  ~ 5 0  O R D E R S  O F  M A G N I T U D E

ultralight bosons: wave-like particles: sterile ν, WIMPs… heavy and super-heavy relics

10−22 eV 10−12 eV μeV eV keV GeV TeV 1010 GeV M
Pl

THIS TALK: a displaced light scalar
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0 2  ·  T H E  P R O B L E M ,  I N  O N E  C O N V E R S A T I O N

Light scalars and the CMB: it’s complicated

Planck
online · staring at the CMB since 2009

Hi Planck! Can I be all of the dark matter?

Sure, as long as your perturbations are adiabatic.

Hmm. I was a light spectator during inflation…

Then δχ ≈ H
inf

/2π. That’s isocurvature. β
iso

< 0.04.

Fine, I’ll start hugely displaced: X
i
≫ H

inf
!

…and overclose the Universe? Next.

What if I had friends in the thermal bath?

S C O R E C A R D

I S O C UR V AT UR E

δχ ~ H
inf

/2π, uncorrelated with the 

curvature perturbation ζ

O V E R CL O S URE

Huge X
i
⇒ far too much dark matter

P L OT  T W IS T ?

Talking to the plasma changes the story

Light spectators fluctuate. Planck notices.
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0 3  ·  G E N E R I C  L I G H T  S C A L A R S

Light scalars face the same problem

R O A D  A

Sit at the minimum

Stochastic equilibrium: χ is pure fluctuation, so δχ/χ ~ 1 and 

isocurvature is O(1).

Only safe if heavy: m
χ
≳ H

inf

R O A D  B

Start displaced

Isocurvature is suppressed by H
inf

/X
i
: just make X

i
huge…

…but huge X
i
⇒ overclosure

THIS TALK
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0 4  ·  T H E  S Q U E E Z E

The squeeze: isocurvature vs. overclosure

104 106 108 1010 1012 1014

108

1011

1014

1017

1020

H
inf

[GeV]

X
i
[G

e
V

]

isocurvature

overclosure (mχ = 1 eV)

allowed

high-scale inflation (r ≳ 10−3): excluded

I S O C UR V A T U R E  ( P L A N C K )

O V E R C L O S U R E  ( N O  D A M P I N G )

No room at all if

Same ~107 GeV ceiling as the axion.

Both bounds assume χ evolves in isolation. What if 
it talks to the plasma?
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0 5  ·  E N T E R  T H E  P L A S M A

Plot twist: let the scalar talk to the plasma

χ condensate
displaced, then oscillating: X cos θ

ψ: thermal fermion
its mass is modulated: M

ψ
= |m

ψ
− gχ|

SM plasma
temperature T, keeps ψ in equilibrium

modulates M
ψ

re-equilibrates ψ
n is set by the ψ–SM portal

Thermal mass
equilibrium · c

m
= 1/√6 (Dirac ψ)

Shifted minimum
equilibrium · M

χ
² = m

χ
² + m

χ,th
²

Thermal damping
out of equilibrium (next slide)

← the bath lags behind χ
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0 6  ·  W H E R E  T H E  F R I C T I O N  C O M E S  F R O M

A lagging bath is a frictional bath

1 ·  The bath lags

ψ chases a moving equilibrium, ~1/Γth behind

2 ·  Buy low, sell high

ψ is made when light, destroyed when heavy

3 ·  Goldilocks response

strongest when the bath relaxes at Γth ≈ 2Mχ

T H E  L A G  D E F I NE S  Υ

The equilibrium part gives the thermal mass and the shifted 
minimum. The part ∝ χ̇ is the friction Υ.

A V ER AG E D  O V E R  O N E  O S C I L L A T I O N   ( X  ≫ m
ψ

/ g )

∝ X²: the bigger the swing, the harder the brake

χ̄ = X cos θ: the oscillating background  ·  ⟨…⟩: average over a period  ·  c
Υ

= 3c
m

²/2π²
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0 7  ·  T H E  L I F E  O F  A  D I S P L A C E D  S C A L A R

Watch the displacement evolve

Isolated scalar

Hubble friction only: X ∝ a−1

← frozen while Mχ < 3H

Coupled to the bath

Hubble + thermal friction ∝ X2

← frozen while Mχ < 3H

locks onto X
Υ
(T) and tracks it

Friction ∝ X²: the bigger the swing, the harder the brake.
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0 8  ·  T H E  T H E R M A L  A T T R A C T O R

Self-limiting friction locks X onto X
Υ
(T)

X
Υ
( T ) :  W H E R E  F R I C T I O N M A T C H E S  H U B B L E

Υ̃ ∝ X² picks out one 
amplitude at each T

A B O V E  X
Υ

Friction beats Hubble: X is crushed onto X
Υ

within a fraction of a 

Hubble time.

B E L O W  X
Υ

Friction is negligible: X ∝ T falls more slowly than X
Υ
∝ T3/2, so X

Υ

comes down to meet it.

O N  X
Υ

Friction keeps pace with the expansion: X follows X
Υ
(T) and 

forgets X
i
.
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0 9  ·  T H E  A T T R A C T O R  I N  A C T I O N

Four initial conditions, one destiny

Envelope equation solved numerically  ·  g = 10−8, κ = 8×10−9, n = 1, m
χ

= 10−7 eV, m
ψ

= 1 GeV, T
RH

= 8.4×1013 GeV
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1 0  ·  C H E A T  S H E E T

The thermal system in six equations

1 Background equation of motion 2 Envelope: Hubble + friction + varying mass

3 Damping rate 4 Attractor: friction = ctrack × Hubble

5 Attractor if c
track

> 0 6 One factor depletes ρ
χ

and erases I

X
free

: amplitude
without damping
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1 1  ·  P E R T U R B A T I O N S

Isocurvature: same temperature, different amplitude

A D I A B A T I C :  I D E N T I C AL  A T  F I X E D  T

Adiabatic perturbations are only time shifts: read at the same 

temperature, every patch has the same X.

I S O C UR V A T U R E :  A  S PR EA D  A T  F I X ED  T

inflation sets its size, ~H
inf

/2πX
i

in any slicing: I = δX/X − ξ δT/T, with ξ ≡ d ln X/̄d ln T

F R I C T I O N  S Q U E E ZE S  T H E  SP R E A D

Υ̃∝ X²: patches with more χ are damped harder, so every patch 

converges onto the background and I → 0.

what the CMB constrains: it vanishes with I
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1 2  ·  S U P E R H O R I Z O N  M O D E S

The same friction erases isocurvature

S UP E R H O R I Z O N P E R T U R B A T I O N  ( N E W T O N I A N  G AU G E)

Φ: metric potential (SΦ: backup F)  ·  ξΥ = d ln XΥ/d ln T = 1 + ctrack/2  ·  Xfree: amplitude without damping

I S O C UR V A T U R E  O B E Y S

S O UR C E  VA N I S H E S  O N  AN Y  T H E R M A L - M A S S  B A C K G R O U N D

… S O  I  T R A C K S  T H E  D E P LE T I O N  O F  X  E X A C T L Y
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1 3  ·  P A Y O F F

Back to the squeeze…

104 106 108 1010 1012 1014

108
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H
inf

[GeV]

X
i
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e
V

]

isocurvature

overclosure (mχ = 1 eV)

allowed

high-scale inflation (r ≳ 10−3): excluded

I S O C UR V A T U R E  ( P L A N C K )

O V E R C L O S U R E  ( N O  D A M P I N G )

No room at all if

Same ~107 GeV ceiling as the axion.
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1 3  ·  P A Y O F F

…thermal damping opens the window

104 106 108 1010 1012 1014

108

1011

1014

1017

1020

H
inf

[GeV]

X
i
[G

e
V

]

isocurvature × ε, with ε ≈ 10−10

X
i
> M

Pl

allowed with thermal damping

high-scale inflation (r ≳ 10−3): allowed

I S O C UR V A T U R E ,  AF T E R  T R A C K I NG

O V E R C L O S U R E :  T H E  S A M E  F A C T O R

One factor ε depletes the scalar and erases 
its isocurvature: the tension is gone.

Schematic: n = 1 benchmark, ε ≈ 10−10 for Xi = 1018 GeV; 
abundance set by where tracking ends.
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1 4  ·  T A K E - H O M E

Take-home messages

1
The squeeze

Displaced light spectators face overclosure vs. isocurvature: the same ~107 GeV ceiling that haunts axions.

2
Thermal friction

A bath of ψ gives χ a thermal mass and a lagging, amplitude-dependent friction ∝ X2.

3
The attractor

Self-limiting friction locks X onto XΥ(T) while ctrack > 0: the abundance is set by where tracking ends, not by Xi.

4
Isocurvature erased

I is damped by exactly the factor that depletes the scalar:
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Thank you
Questions?
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