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Abstract: <span>Chameleon gravity is

a scalar-tensor theory that mimics general relativity in the Solar System. The
scalar degree of freedom is hidden in high-density environments because the
effective mass of the chameleon scalar depends on the trace of the
stress-energy tensor.& nbsp; In the early Universe, when the trace of the
stress-energy tensor is nearly zero, the chameleon is very light and Hubble
friction preventsit from reaching its potential minimum.& nbsp; Whenever a
particle species becomes non-relativistic, however, the trace of the
stress-energy tensor is temporarily nonzero, and the chameleon beginsto
roll.& nbsp; I will show that these "kicks" to the chameleon field

have catastrophic consequences for chameleon gravity.& nbsp; The velocity imparted
to the chameleon is sufficiently large that the chameleon's mass changes
rapidly asit slides past its potential minimum.& nbsp; This nonadiabatic
process shatters the chameleon field by generating extremely high-energy
perturbations, casting doubt on chameleon gravity's viability as an alternative
to general relativity.<br>

<br></span>
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Overview: A Chameleon Catastrophe

Part I: Chameleon Cosmology Crash Course

What is chameleon gravity!
What is the chameleon’s initial state?
What are the “kicks” and why are they important?

Part Il: Classically Kicking Chameleons

How do chameleons respond to kicks?
How much do the chameleons move!?
How fast do the chameleons move!?

Part lll: Quantum Chameleon Kicks

Why do rapid mass changes generate perturbations?
What perturbations result from the kicks?
Why is the chameleon in trouble?

Pl Cosmology: October 25,2012
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Chameleon Gravity

Scalar-Tensor Gravity: we must hide the scalar!

Chameleon Gravity: scalar’s mass depends on environment
Khoury & Weltman 2004

(Potential)
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(o
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V(g)

¢ (Chameleon) ¢ (Chameleon)

s < M - M
“». skinny chameleon = A ~ & < fat chameleon = GR
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Chameleon Gravity: Nuts and Bolts

Chameleon gravity: a screened scalar-tensor theory  Khoury & Weltman 2004

M?
S / — (% [ QPIR — —(v Qb) (Cb):| + S'm, [.(},u,r/afl/)m]

Einstein frame: standard GR + scalar field (chameleon field)

Matter couples to different metric (Jordan Frame)

Juv = €

M
2B¢/ Plg;u/

Adrienne Erickcek ?| Cosmology: October 25,2012
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Chameleon Gravity: Nuts and Bolts

Chameleon gravity: a screened scalar-tensor theory  Khoury & Weltman 2004

S / — (% [J\ZPIR - —(v Qb) (§b):| + Sm [.(}u,w(l/)m]

Einstein frame: standard GR + scalar field (chameleon field)

Matter couples to different metric (Jordan Frame)

Juv = €

M
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Chameleon Gravity: Nuts and Bolts

Chameleon gravity: a screened scalar-tensor theory  Khoury & Weltman 2004

S / — (% [AZPIR - —(v qb) (é):| + Sm [.(},u,r/a(l/)m]

Einstein frame: standard GR + scalar field (chameleon field)

Matter couples to different metric (Jordan Frame)

( . . gl‘(}u:€

28¢/Mpy

g;u/

Densities in both frames:

™", = diag [—p, p, p, D]
TV = diag [—ps, Pe, Pr, Ds] Assume FRWV in both frames:

48d/ Mo ~ a = (f'H(/)/MP](L* df = (f'H(/)/Mmdt*
Tr, = (090 T,

scale factor proper time

\ J/

Key parameter: the chameleon coupling constant (3
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Chameleon Gravity: Nuts and Bolts

Chameleon gravity: a screened scalar-tensor theory  Khoury & Weltman 2004

S / — (% [AZPIR - —(v Qb) (§b):| + Sm [.(}u,r/afl/)m]

Einstein frame: standard GR + scalar field (chameleon field)

Matter couples to different metric (Jordan Frame)

( r . gl‘(}uze

28¢/Mpy

g;u/

Densities in both frames:

™, = diag [—p, p, p, D]
TF = diag [—ps, Pe, Pr, Ds] Assume FRWV in both frames:

48d/ Mo ~ a = (f'H(/)/MP](L* df = (f'H(/)/MI.)]dt*
Tr, = (M0 T,

scale factor proper time

\ J/

Key parameter: the chameleon coupling constant 3
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Chameleon Gravity: Nuts and Bolts

Chameleon gravity: a screened scalar-tensor theory  Khoury & Weltman 2004

WE
S / — (% [ QPIR - —(v Qb) (é):| + Sm [.(}u,wfl/)m]

Einstein frame: standard GR + scalar field (chameleon field)

Matter couples to different metric (Jordan Frame)

[ . e . glu/:(?

268¢/Mpy

g;u/

Densities in both frames:

T, = diag [—p, p, P, P]
TF = diag [—ps, Pe, Pr, Ds] Assume FRW in both frames:

48d/ Mo - a = (fﬂ(/)/MP](L* df —= (i'H(/)/MI.)]dt*
Tr, = (M09 T,

scale factor proper time

\ S/

Key parameter: the chameleon coupling constant 3
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Chameleon Gravity: Nuts and Bolts

Chameleon gravity: a screened scalar-tensor theory  Khoury & Weltman 2004

S / — (% [AJQPIR - —(v Qb) (§b):| + S'm, [.(}u,r/afl/)m]

Einstein frame: standard GR + scalar field (chameleon field)

Matter couples to different metric (Jordan Frame)

_ 623¢5/MP1

( . LV
Densities in both frames: g‘

T“V = di‘dg [_)57 157 151 15]

TF = diag[—p«, Px, Dxy i) Assume FRW in both frames:
4B¢p/Mpy \ T a = (fﬂ(/)/M""a,* dt = eﬁ‘/)/Ml’ldt*

T, = ((f'{‘/)/ ”) T,

scale factor proper time

g;u/

\ S/

Key parameter: the chameleon coupling constant (3

Adrienne Erickcek Pl Cosmology: October 25,2012
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The Effective Potential

Vary action w.r.t. Einstein metric: G, = 871G (T* +T7 )

v v

Vary action w.r.t. chameleon field: (!W 209/ Mprgx )

. : dV 3
b+ 3H,.p = — 10 MPI —— (s — 3D«)

derivative of effective potential

Thin shell mechanism: khoury & Wettman 2004

xt t
(;birjfin o Qﬁi:im S /8
Mp, R

Inside an massive body, ¢ ~ ¢

1min

and the scalar force outside the
massive body is suppressed because

©
-1
-
=
W
-
c.
[+

Vig)

= \/ nt ) > R,

min

Adrienne Erickcek Pl Cosmology: October 25,2012
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Chameleon Cosmology

Fiducial Chameleon Potential:

oS4 ()

Evade Solar System gravity tests and provide dark energy:

M ~0.001eV ~ (pge)/*

Brax et al. 2004

—_—
S
2
c
)
e
o

V(g)

(Chameleon)

Pl ('r}\‘lln)[n;:yj October 25, 2012
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Chameleon Cosmology

Fiducial Chameleon Potential: Brax et al. 2004

o ()| ()

Evade Solar System gravity tests and provide dark energy:

M ~0.001eV ~ (pge)/*

Where is the chameleon now?
Pmat,0 — ()'3pc1'it,()
Q’)min = 5.9 X 109M < MP]

(/)min < ]\/[Pl always!

_—
S
2
-
)
et
o
\ m ’

V(9)

¢ (Chameleon)
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Chameleon Cosmology

Fiducial Chameleon Potential: Brax et al. 2004

o ()] ()

Evade Solar System gravity tests and provide dark energy:

M =~ 0.001eV ~ (pge)/*

Where is the chameleon now?
Pmat,0 = 0.3Pcrit,0
Omin = 9.9 X 10°M < Mpy
Pmin < Mp) always!
pgal = 0.6 GeV /cm?®
Grain = 8.3 x 10" M

—~—
S
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o
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e
o
m ’

V(g)

¢ (Chameleon)
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Chameleon Initial Conditions

During inflation: p — 3p ~ 4p;,a pins chameleon ¢ << M  Braxet al. 2004

After reheating: p — 3p ~ 0 the chameleon quickly slides down its
For ¢ > duin bare potential anc.i rolls to ¢ > din

. : 3 i
¢+ 3H,p = _]\ép] (psx — 3ps) = A ~ % - M-l’l\/GQ(/},f,

1
Chameleon rolls out to Oynin <K ¢ S Mpy

Hubble friction prevents the chameleon from rolling back to ¢,,i,,

I, Free-falling chameleon

—
o
,-:;
a
)]
-
@]
Dﬂ.

Stuck chameleon!

@min

V(g)

¢ (Chameleon)

Adrienne Erickcek Pl Cosmology: October 25,2012
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Unsticking the Chameleon

Particles in thermal equilibrium: Damour & Nordtvedt! 993

00 2 2 2\1/2 Damour & Polyakov 1994
Jordan-frame g E*(E* —m*) / Brax et al. 2004

—— dE
. p Coc et al. 2006, 2009
density 212 - eE/T +1

Jordan-frame g h (E2 — 7”2)3/2
pressure 6772 I eE/T 4+ 1

™m

dE = [1+0( 2)}

T2

[

Define the kick function:
PR —3PR _ P+R — 3P«R
PR PxR

v  f
R 2
do + Mp) PR ]
fermions\

B Every time a mass-threshold is crossed, the
| chameleon gets kicked!

Temperalure,/Mass

¥(Ty) =

m/T

b+ 3H.$ = [

Adrienne Erickcek Pl Cosmology: October 25,2012
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Chameleon Initial Conditions

During inflation: p — 3p ~ 4p;,a pins chameleon ¢ < M  Braxet al. 2004

After reheating: p — 3p ~ 0 the chameleon quickly slides down its
For ¢ > duin bare potential anc.i rolls to ¢ > duin

. . 3 ,,.
¢+ 3H, ¢ = _Aj[ (pe — 3ps) = A¢p % = Mp, /6&2(/-m

Pl i
Chameleon rolls out to Oynin <K ¢ S Mp
Hubble friction prevents the chameleon from rolling back to ¢,,,i,,

I, Free-falling chameleon

oy
o
,-:;
-
)]
“—
@]
Dﬂ.

Stuck chameleon!

Pmin

V(g)

¢ (Chameleon)
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Kicks from the Standard Model

Every particle in the Standard Model (and beyond) kicks the
chameleon.

®there are 4 distinct “combo-kicks” with increasing amplitude

®there is a kick during BBN between n,p freeze-out and helium production
® kicks dominate over dark matter: p.r2 > p.y for Ty 2 0.024 MeV
®during the kicks, ¢min S M

| II[IHII I HIHIIl I I]HHIl I IIIIHII I JIIHITl T TTTTT I IIIII]I] I II]IIHI T

0 N
/L, 7T+

T | I ! T | I E | J

c.b.T w* 79, -

| Jlll.llil 1 illJJ.lll L L1l 1 lJ.lJLlJJ 1 ill.lllll 1 Jlllllll 1 111]]1]1 Ll o

1075 10~4 1078 10-2 0.1 1 10 10® 103 10%
Temperature (GeV)
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The Old Story

The kicks save the chameleon: A¢ ~ — (3 Mp) prior to BBN. Brax et al. 2004

®treat kicks individually and assume that |3A¢| < Mp; < (% < 1
®BBN requirement (¢pppN S (0.1/3)Mpy) is satisfied for

Oi S (/?’ + E) Mp,

16

For a wide range of initial

conditions, the chameleon

reaches the minimum of

| _‘ its effective potential and

10 15 BN happily lives there for the
In(a,) rest of its days.

Adrienne Erickcek Pl Cosmology: October 25,2012
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The Old Story

The kicks save the chameleon: A¢ ~ — (3 Mp) prior to BBN. srax et al. 2004

®treat kicks individually and assume that |3A¢| < Mp; < % < 1
®BBN requirement (¢ppN S (0.1/3)Mpy) is satisfied for

(/),,; S ([)’ -+ E) j\/[p]

3

For a wide range of initial

conditions, the chameleon

reaches the minimum of

D TR (s c(fcctive potential and

5 10 15 20 g8 happily lives there for the
In(a,) rest of its days.
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No happily ever after!

The standard chameleon story misses several important features:

|. Ignoring the feedback of A¢ on T'; severely underestimates
chameleon motion for 3 & 1.8.

2. Nearly all chameleons reach ¢,,;,, with a large velocity and climb
up their bare potentials.

3. The classical picture is incomplete because the rebound is violent
enough to excite quantum perturbations.

Part |l: Classical Kicks

What is the chameleon’s
velocity when it reaches @pin ?

(Potential)

Part lll: Quantum Kicks

What happens to the
¢ (Chameleon) chameleon when it rebounds?

V(¢)

Adrienne Erickcek Pl Cosmology: October 25,2012 12
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The Equation of Motion Revisited

. - awv . p P*M)]
+3H,p=—|— + g S+
¢ ¢ [d(/) My PR ( e

® change variables: p = In(a,,) © = ¢/Mp P (p) = /69,

®assume ¢ > ¢@,,in and neglect the bare potential
®recall that (p.pr/pxr) K £ S 0.1 and keep only first order in
® use Friedmann eqn. in Einstein frame

0" + ¢ [1 - (9";)2] = -38 {1 - (“‘2)2] (1)

Jordan-frame temperature: g¢,5(7'7)a’T5 = constant

1/3 -
Ty ['U*S(TJ) ] / — T, = Ly Blei—p)
"1 9+s(Ty) AN

. . / J,A 0
compute and invert numerically old story: €

Adrienne Erickcek Pl Cosmology: October 25,2012
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The Equation of Motion Revisited

. - av . p P*M)]
+3H,p=—|— + w(E+
¢ ¢ [d(/b My PR ( on

® change variables: p = In(a,,) © = ¢/Mp) P (p) = /69,

®assume ¢ > ¢@,,in and neglect the bare potential
®recall that (p,pr/pxr) < £ S 0.1 and keep only first order in X
®use Friedmann eqn. in Einstein frame

" + ¢ [1 - “";)2] = -38 {1 - (“”;)2] (1))

Jordan-frame temperature: g¢,5(7'7)a’T5 = constant

1/3 _
T] [ .(}*S(T]) ] / _T,, L T],'i (),f)’(ﬂp-:‘.—ﬁp)
" Lgxs(Ti) o Ly \

compute and invert numerically old story: €
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The Equation of Motion Revisited

; : av g ( wa)]
¢ p [d(/) Mplp R PxR

® change variables: p = In(a,,) © = ¢/Mp P (p) = /69,

®assume ¢ > ¢@,,in and neglect the bare potential

®recall that (p,pr/pxr) < £ < 0.1 and keep only first order in 3

®use Friedmann eqn. in Einstein frame

(¢')?
§

¢“+¢[1— ]:—&31—(ﬂylzan

T, [ g+5(Ty) ] /3 _
" 9x5(Ty4)

compute and invert numerically
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The Surfing Solution

Keeping the full expression for I'; reveals a new solution!

—p+ A G.q(T 1/3 | ,
G« J,i

In(a, ' '
P () The temperature is constant in the Jordan frame!

Adrienne Erickcek Pl Cosmology: October 25,2012
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The Surfing Solution

Keeping the full expression for I’; reveals a new solution!

—p+ A G.q(T 1/3 | ,
G« J,i

In(a, ' '
P (ax) The temperature is constant in the Jordan frame!

1 /) ) 12 ‘ 1\2
90,(10) = _ﬁ solves ¢ + @ [1— ((’06) ] = 303 [1_ (906) ]Z

1
provided that 3 = |- for some value of 1;.
tSZ(TJ)
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The Surfing Solution

Keeping the full expression for I’; reveals a new solution!

_l() —'— /\ (4 S T 1/3 | |
S 3 = T LJ :((T]l))] — T]’ieﬂ(@-,,_@)_‘“ _ T,;,.,;eﬂ)‘
ok J,

In(a, ' '
P (ax) The temperature is constant in the Jordan frame!

1 ' , 12 ‘ 1\2
90,(10) = _ﬁ solves ¢ + @ [1— ((’06) ] = 303 [1_ (906) ]2

1
provided that 3 = , | - for some value of 1);.
3¥X(Ty)
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The Surfing Solution

Keeping the full expression for I'; reveals a new solution!

—p+ A Geq(T 1/3 | ,
p = 5 = T [q} ;((T]]))] = Ty’ Pi=@) =P = TP
¢ J,i

In(a, : .
: () The temperature is constant in the Jordan frame!

I\2 N2
@' (p) = —% solves ©” + ¢’ [ — %] — 30 [1 _ %1 >

provided that (3 = T for some value of 17;.

0.1
0.08
0.06
0.04

- 0.02

() 1 lJlHJJl 1 l:llllll LLLILL 1 lHll:JJ 1 lJHUJl 1 l:llll]] L :Hll]ll L L LU
10-® 104 109 10-® 0.1 1 10 10% 10% 104

Temperature (GeV)
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The Surfing Solution

Keeping the full expression for I’; reveals a new solution!

—p + A\ Gua(T 1/3 | |
G« J,i

In(a, ' '
P (ax) The temperature is constant in the Jordan frame!

I\N2 N2
@' (p) = —% solves ©" + ¢ [ — %] — 30 [1 _ %1 >

provided that (3 = TS for some value of 17;.

0.1
0.08
0.06
0.04

- 0.02

() 1 lJlHJJl 1 l;llllll LLLILL 1 lHll:JJ 1 lJHUJl 1 l:llll]] L :IHlHll L LU
10-% 10-% 109 10-® 0.1 1 10 10% 10% 104

Temperature (GeV)
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Surfing Chameleons

Chameleons that can surf, do surf!
®valid for any h; => Gpin and Qrf) < 0.5
®solution holds until ¢ ~ ¢in S M

I |
10T 10 001 1 10 10 10?104

Temperature (GeV)
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Surfing Chameleons

Chameleons that can surf, do surf!
®valid for any ®; > GDpin and Q(/') < 0.5
®solution holds until ¢ ~ ¢in S M

510 107 10 HI | 10 10 10?104

Temperature (GeV)
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Surfing Velocity

At the end of the surf
¢ <K Mp

4
surf

0.08
' 0.06

2 neleon) L
/ ' o 0.04
. | 0.02

O il ol T3 RIS RTT

;3 :3 H . b i L
) 10°% 10°* 103 10 0.1
chameleon coupling constant () Temperature (GeV)
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What if the chameleon can’t surf?

Return to chameleon equation of motion for ¢ > ¢nyin:

1 '5 . ﬁ
Sy (P /% [E—— 3] (7 o}

Integrate twice: Ag

R
= —3 )j — Z T v (s i ,*
]\/Ip] I /l :1_:2 /1 ( J [(/)((] a ])( a

But we can’t use that because 7'y depends on chameleon’s motion:

7| 9:s(Tg) 1/3:&M1
J ) o

9xs (T
If B|A¢| < Mpy,
A(/) =~ —1.58,6Mp1
®works well for 3 < 0.7
® underestimates A¢ for larger (3

Adrienne Erickcek Pl Cosmology: October 25,2012
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What if the chameleon can’t surf?

0-1 B vy (6, a.)]
0.08
0.06
0.04
0.02

() !‘.Llllll\lll_.

10 20 30
p=1In(a,)

For larger 3 values:

® motion of ¢ affects 1';
®slows Jordan-frame cooling
® extends duration of kicks
® ’A(/)’ > 1.583Mp;

® the surfer is the limit

A¢p /Mg, due to kicks

chameleon coupling constant (f8)

Adrienne Erickcek Pl Cosmology: October 25,2012
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Impact is difficult to avoid!

The kicks move the chameleon toward the minimum of its effective

potential, but does the chameleon always reach it?
®first 3 combo kicks give A¢p & — (3 Mp) prior to BBN

® last kick gives A & —0.563Mp; during BBN

® to avoid messing with BBN, ¢ppn < (0.1/3)Mp)

ofor(3 > 0.42, ¢ppn < 0.56Mp;:the last kick takes ¢ < ¢pmin
®for smaller (3 values, avoiding impact requires

,,- 0.1
(A+056)8< -2 <aq L

Mp) g
with A =~ 1 for the standard model.
Only weakly coupled (3 < 0.42)
chameleons can avoid impact, and the
initial condition must be finely tuned
based on the entire particle content of

V(p) (Potential)

the Universe! ®min ¢ (Chameleon)
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Impact is difficult to avoid!

The kicks move the chameleon toward the minimum of its effective

potential, but does the chameleon always reach it?
®first 3 combo kicks give A¢p & — (3 Mp) prior to BBN

® last kick gives A & —0.563Mp; during BBN
® to avoid messing with BBN, PBBN S (U.l/ﬁ)f\/[l’l
ofor (3 > 0.42, N < 0.56 Mp;: the last kick takes ¢ < @i

®for smaller (3 values, avoiding impact requires

,,- 0.1
(A +056)3 < -2

<A —
Mo S5

with A =~ 1 for the standard model.
Only weakly coupled (3 < 0.42)
chameleons can avoid impact, and the
initial condition must be finely tuned
based on the entire particle content of

V(p) (Potential)

the Universe! ®min ¢ (Chameleon)
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Fast-Moving Chameleons

Chameleon Velocities at Impact (¢ =~ ¢yin)

BBN Forbidden

1.5 2 2.5
(/)'i-/j\[]’l
®nearly all chameleons are kicked to ¢ =~ Ppnin
®at (cb ™~ (/bmin ) (/) ~ G(?Vz > A['z ~ 10_2{1(}0\/—2

®adding particles will increase the chameleon velocity!

Adrienne Erickcek Pl Cosmology: October 25,2012
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A Classical Impact

Now that ¢ ~ ¢,i, , we need to consider the chameleon potential:
M
V(p) = M*exp [(

@
During the kicks, 0.13M < ¢min S 0.62M, but the chameleon
doesn’t stop there - it's moving too fast!

The chameleon rolls up its potential until V(¢,) = ¢* /2

. ~1/2
p)
0.085M 5 ((/)h =M lln (2;/:[4)] ) <S011M

2
) ] with M = 0.001 eV
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A Classical Impact

Now that ¢ ~ ¢,i, , we need to consider the chameleon potential:

M\?
V(gp) = M*exp (7> with M = 0.001eV

0]

During the kicks, 0.13M < ¢min S 0.62M, but the chameleon
doesn’t stop there - it's moving too fast!

The chameleon rolls up its potential until V(¢,) = ¢* /2

. —1/2
(/)2
0.08/5M < ((/)b =M lln (ZJ\[‘)] ) SO011M

We are interested in Ap S M & At S M/¢
®short time scale: H, At S M/¢'(p) S M /Mp,
®Hubble friction + kicks: A¢ ~ (M /Mp;)¢

®bare potential dominates V;’f’f(qb) & (:f’f’(qﬂ

Adrienne Erickcek Pl Cosmology: October 25,2012

Pirsa: 12100125 Page 40/78




A Classical Impact

Now that ¢ ~ ¢,i, , we need to consider the chameleon potential:

M\?
V(gp) = M*exp (7) with M = 0.001eV

0]

During the kicks, 0.13M < ¢min S 0.62M, but the chameleon
doesn’t stop there - it's moving too fast!

The chameleon rolls up its potential until V(¢,) = ¢* /2

g -1/2
0.085M 5 ((/)z; =M lln (2;/:[’1)] ) S 011M

We are interested in Ap S M & At S M/¢
®short time scale: H, At S M/¢'(p) S M /Mp, |
®Hubble friction + kicks: A¢ ~ (M /Mp;)¢

®bare potential dominates ‘/;,fff(qb) & c’g(@)
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A Classical Impact

Now that ¢ ~ ¢,i, , we need to consider the chameleon potential:

M\?
V(¢) = M*exp ( ) with M = 0.001 eV

b

During the kicks el < 0.62M, but the chameleon
doesn’t stop 2 Q fast!

S 0.11M

We are interested in Ap S M & At S M/¢
®short time scale: H, At S M/¢'(p) S SM/Mp,
®Hubble friction + kicks: A¢ ~ (M /Mp;)¢

®bare potential dominates V;’f’f(gb) & (:f’f’((b)
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A Classical Impact

Now that ¢ ~ ¢,i, , we need to consider the chameleon potential:
M
V(p) = M*exp [(

0]
During the kicks el < 0.62M, but the chameleon
doesn’t stop 2 Q fast!

The chame] Classically, the impact { until V (¢y) = ¢° / 2

is a reflection!
0.085M 5 | ¢ S 0.11M

2
) ] with M = 0.001 eV

b = 100 GeV?

We are interested in A S M & At S M/¢
®short time scale: H,At S M/¢/(p) < BM/Mp, [l
®Hubble friction + kicks: A¢ ~ (M /Mp;)¢

®bare potential dominates V.t (¢) & Vg (¢)
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Part Il
Quantum Chameleon Kicks




Fast-Moving Chameleons

Chameleon Velocities at Impact (¢ 2~ ¢yin)

BBN Forbidden

1.5 p 2.5
(/).,‘ /j\ [] 3
®nearly all chameleons are kicked to ¢ =~ @i
®at (/b =~ (/bmin ) (/) ~ GCVZ > A['z ~ 10_2{1(}0\/—2

® adding particles will increase the chameleon velocity!
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Fast-Moving Chameleons

Chameleon Velocities at Impact (¢ =~ ¢yin)
T

T T

BBN Forbidden

1.5 2 2.5
(/).,‘ /j\ [] 3
®nearly all chameleons are kicked to ¢ =~ @i
®at & ~ Puin, ¢ ~ GeV? > M? ~ 1072*GeV?

®adding particles will increase the chameleon velocity!
Adrienne Erickcek Pl Cosmology: October 25,2012
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Fast-Moving Chameleons

Chameleon Velocities at Impact (¢ =~ ¢yin)
T

T T

BBN Forbidden

1.5 p 2D
(/)'f-/j\[]’l
®nearly all chameleons are kicked to ¢ =~ @i
®at ¢ >~ Prin, ¢ ~ GeV? > M? ~ 107%1GeV?

® adding particles will increase the chameleon velocity!
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Quantum Particle Productlon

Rapid changes in V' ((/)) excite perturbations!

b+ 3HD — —¢+V’ (¢) =0

b(t, T) = o(t) + (¢, 7)

. 131{' ik
(Sd)(f;’?) — / ((27) |:(]—-¢A( ) “E‘ z +(1~d) ( ) vk @

br + wi(t)pr = 0 wi = kK + V" (¢)

Pl Cosmology: October 25,2012
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Quantum Particle Production

(’bk: (t) _ (YA‘(t) 8—(‘[?‘ wk(t,)dt’ + ﬁk(t) €+I‘If w}.;(t’)({,t’
QWA: (f) ka, (f)
solves ¢y + wj(t)pr = 0 provided that
Qy = i e -]'f’wk(t’)dt'ﬁk
ka

/())L — w_l'(—ZI [ wi( )(if

2&.);'

wi=k+ V")

893

We get particle production (|,(ﬁ | 1) when | & = 100 Gov?

’Ld];| ’V”,((/))(/)’ Z 1 - 0 l‘:"":'::' J‘;::_:I l::‘l:' :,tl_;.ll\-':;.-:ﬁu.:':i

wk zwk
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Chameleon particles: first estimate

Let’s treat the spike in V"'(¢)as a § - function:
o+ [F* +AS(t —t.)] dr =0
If we start with no perturbations, then

A
Bi(t > t,) = i— e~ 2ikts
Qk A2 Az
After the bounce: n; = 7o) B, = —kz

Wait, perturbations are excited at infinitely high wavenumbers?

' 1
No, modes with k > 1/Atare not excited: u < 1 for k> N
wj;
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Chameleon particles: first estimate

Let’s treat the spike in V"'(¢)as a § - function:
Qﬁk: + [kz + A(S(t - t*)] ¢k: =0
If we start with no perturbations, then

A
Bi(t > t,) = i— e~ 2ikts
2k A2 Az
After the bounce: ni = 7o) B, = —kz

Wait, perturbations are excited at infinitely high wavenumbers?

' |
No, modes with k > 1/At are not excited: u < 1 for k> A7
wj;
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Chameleon particles: first estimate

Let’s treat the spike in V"' (¢)as a § - function:
b + [K* + AS(t — t,)]
A2 A2 .
4k2 '
Uptokskpcl,k—l/Af o
L i arm | &
For our potential, & e In3/2 [Qﬁ—"]

Ey = —‘kfz

After the bounce: n; = 5
7T

peak = o oM

t+AL 2
A = / V”(gb) dt ~ -_V,((ybb) - 4]{;1)(:&1](
Jt,—At Pi

How much energy in perturbations!?
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Chameleon particles: first estimate

Let’s treat the spike in V"'(¢)as a § - function:
b + [k* + Ad(t — t.)] bx
A2 A?
4k2
Uptokskpcxk—l/At o
L i ar | &
For our potential, k& qb In3/2 [Qﬁ—”]

) D p—

After the bounce: n; = 5
7T

peak = o7 oM

t+AL 2
A= / V,,((,b) dt ~ -—V’(ﬁbb) - 4]{;1)(:&1](
Jt,—At Gi

How much energy in perturbations! WAY TOO MUCH!!
. .
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Adding in Backreaction

Since the energy in perturbations is significant, we must revisit the
chameleon equation of motion: (8112 — V2)¢) + V’(qb) — 0

o(t, ¥) = qg(f) + 0p(t, ) split fi feld into background and perturbation
(07 = V) (¢ + d¢) + V'(4) + Z - ,v (D (¢)d¢™ = 0

Take spatial average n=1

drop hfgher order backreaction

QB—I—V,((b)—F Vm 6gb _I_Z 71—{—1 6(/5n> — 0

Linear perturbatlons with ﬁrst—order backreaction:
o+ V'(9) + 5
(;5'A: + [kz + V”(QB)] or =0 linearized perturbation equations

o | d>k
66 = [

\.

~

1 - ,
~V”’(¢>)<5q52> = (0  background equation with backreaction

Adrienne Erickcek
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Hello Computer

Linear perturbatlons with first-order backreaction:
QB + V’(Qb) o= V”'(@)(&qﬁ ) =0  background equation with backreaction

(;f;k + [k’z + V”((gﬁ)] ¢ =0 linearized perturbation equations

20N dk Z_L " 2 //(‘
66)= [ s (10 - 57) = V'@

This is a closed system, so we can solve it numerically.
@®initial conditions: ¢ = 2M, (/) = (/),, n, =0V k

®solve for a number of k values with kig < £ < Kmax
®choose £y ax > Kpeak -- these modes aren’t excited

®results depend on k1R:the longest wavelength perturbation that is
treated linearly. Neglecting its interactions with other modes introduces
errors, so chose kg < 0.1kpcak

Adrienne Erickcek Pl Cosmology: October 25,2012

Page 55/78




Pirsa: 12100125

Hello Computer

Linear perturbatlons with first-order backreaction:
qb + V’(qﬁ) o= V”'(qﬁ)(@qﬁ ) =0  background equation with backreaction

(;f;k; + [k’z + V”((,b)] o =0 linearized perturbation equations

6% = [ s (10xP - o)

.
This is a closed system, so we can solve it numerically.
®initial conditions: ¢ = 2M, (/) = (/),, n, =0V k

®solve for a number of k values with kig < £ < Kmax
®choose £y ax > Kpeak -- these modes aren’t excited

®results depend on k1R:the longest wavelength perturbation that is
treated linearly. Neglecting its interactions with other modes introduces
errors, so chose kg < 0.1kpcak
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Hello Computer

Linear perturbatlons with first-order backreaction:
(,75 +V'(¢) + = V”'(qb)(é(b ) =0  background equation with backreaction

(;f;k, + [k’z + V”((,b)] ¢ =0 linearized perturbation equations

, Cddk 1
66 = [ s (0 - 5. ) wt =K+ 170

This is a closed system, so we can solve it numerically.
®initial conditions: ¢ = 2M, (/) = (/),, n, =0V k

®solve for a number of k values with kig < £ < Kmax
®choose £y ax > Kpeak -- these modes aren’t excited

®results depend on k1R:the longest wavelength perturbation that is
treated linearly. Neglecting its interactions with other modes introduces
errors, so chose kg < 0.1kpcak
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Hello Computer

Linear perturbatlons with first-order backreaction:
Qb + V,((;b) + = V”’((b)(&gﬁ‘z) = () background equation with backreaction

(z;k: + [k’z + V”((ﬁ)] ¢ =0 linearized perturbation equations

6% = [ s (10nP - o)

.
This is a closed system, so we can solve it numerically.
®initial conditions: ¢ = 2M, (/) = (/),, n, =0V k

®solve for a number of k values with kig < £ < Kmax
®choose £y ,x > Kpeak -- these modes aren’t excited

®results depend on k1R: the longest wavelength perturbation that is
treated linearly. Neglecting its interactions with other modes introduces
errors, so chose kg < 0.1kpcak

Adrienne Erickcek Pl Cosmology: October 25,2012

Pirsa: 12100125 Page 58/78




Pirsa: 12100125

Numerical Results

The numerical results confirm our expectations.
f,,: Ilm{:.\I

® The chameleon bounces off its bare potential.

| |
[10-14 GeV-!|

®Perturbations are generated during the bounce, taking
energy away from the background evolution

0y

® The perturbation energy spectrum is peaked; most of

the energy is in modes with k.., ~ (At)

~ -1
® The occupation numbers remain small (n; < 1)
T TTTTI T HIIIW T IHHI] T HIIIW
200 GeV~

T II]iI]Il T TTTTI

%
hed=t ;_llillﬂl
1014 10]5 10[6 10]7 10[8 10]9
06 | K (GGV)
10-14 GeV-1]
Adrienne Erickcel

logy: October 25,2012
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Numerical Results

The numerical results confirm our expectations.
f-‘,l .IHIH :l\l

® The chameleon bounces off its bare potential.

I 0

®Perturbations are generated during the bounce, taking
- |
[10-14 GeV-!]

energy away from the background evolution

0y

® The perturbation energy spectrum is peaked; most of

the energy is in modes with k.., ~ (At)

e -1
® The occupation numbers remain small (n; < 1)
T TTTTI T HIIIW T I]ilill T HIIIW
200 GeV~

T IIHI]I] T TTTTI

L

1015

)
JHJ = ;_||11H|I
10l4 1016 10]7 1018 10]9
e k (GeV)
1071 GeV-1 '
Adrienne Erickcel

logy: October 25,2012
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Numerical Results

The numerical results confirm our expectations.
f-‘,l Ilm{:.\I

® The chameleon bounces off its bare potential.

I 0

®Perturbations are generated during the bounce, taking
- |
[10-14 GeV-!|

energy away from the background evolution

0y

® The perturbation energy spectrum is peaked; most of

the energy is in modes with k.., ~ (At)

oy -1
® The occupation numbers remain small (n; < 1)
T TTTTI T HIIIW T IHHI] T HIIIW
200 GeV~

T IIHHI] T TTTTI

)
hecd=t ;_||HI1||
10[4 10]5 10[6 10]7 10[8 10]9
el k (GeV)
10-14 GeV-')
Adrienne Erickcel

logy: October 25,2012
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Numerical Results

The numerlcal results confirm our expectations.
pemeal ® The chameleon bounces off its bare potential.

100 GeV?
®Perturbations are generated during the bounce, taking
energy away from the background evolution.

® The perturbation energy spectrum is peaked; most of

e the energy is in modes with k.. ~ (At)7!
t [10°1% GeV!]

® The occupation numbers remain small (n; < 1).

0y

T TTTm I W]HIII[ I II]iIiIl T W]HIII[ T IIHHI] T TTTTI

200 GeV=

.| Ill|1I|

10l4 10]5 1016 10]7 1018 10]9 102()
k (GeV)

) 0.5
10°1 GeV-!]
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Numerical Surprises

The numerical results confirm our expectations...
except when they don’t!

mn(:(-\‘*_
® The chameleon turns around sooner

than expected: V () < ¢? /2

® The effective mass Vv V" is much
smaller than expected, with

VVI < (At)™!

™7
100 GeV?

/M

T T TTT | WTITHW I TIIIIHI T T T

" . Numerical values .
* LI I e u —

=
ok
—

vy 2 /.
Vigp) = ¢35 /2

| IJIJIl[J | JlJHJIl | lIlIIlJI |

—
p—

[T T 7T T

I I I

Bounce Value ¢,

Y
-

107 103 104 10° —— —
[nitial Velocity ¢i(GeV2) 004 002 0 002

L1017 Gev!]
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Numerical Surprises

The numerical results confirm our expectations...
except when they don’t! SR 1 & = 100GeV?

100 GeV=
® The chameleon turns around sooner

than expected: V (¢p) < ¢2 /2

® The effective mass vV V" is much
smaller than expected, with L o

|
V1! & (AI.)_' t[10°1* GeV-!|

| ™7
& = 100 GeV?

T T TTT | WTITHW I TIIIIHI T T T

" . Numerical values .
* LI K e u —

4> 12 /e
| ((;")h) F /‘2

|J!J|HJ | Jllll“{ | llllll]l |-
1072 103 104 10° ——
Initial Velocity ¢. (GeV?) 0.04 ~0.02 0.02

L1017 Gev-!]

[T T 7T T

I I I

\

£

[©-
v
=
©
>
v
3
=
=
o
m
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More Numerical Surprises

The numerical results confirm our expectations...

except when they don’t! A A WAL
¢ = 20000 GeV? “per
lg‘l.nlu]

® At the bounce, all of the chameleon’s

energy is in perturbations. kir = 10177 GeV 0.96

" , L7.5 7 3z

®Shortly after the bounce, the kip = 107" Ged U.80
perturbations return some of this 39a [ kig = 10" GeV 0.63
energy to the background evolution. ’

. LG oV 0.
® The amount of energy returned hir = 1077 ( : \, _I'I
depends on the minimum wavenumber. kir = 1077 Ge\ 0.31

!Hll | .II‘.I\| | ‘II.,II| L L LI L L L L LI
1015 106 107 1018 1019 1020
. ) k (GeV)

o, 100 GeV-~ '

kiR 10" GeV

| I | | L 1 { 1 | | |
0 10 20

t [10-17 GeV-!]
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Back to the Backreaction

Studying the backreaction of the perturbations on the chameleon
background provides insight into these numerical surprises.

. _ 1 _ .
o + V’((/)) 4 —V”’((/))((S(/)z ) =0  background equation with backreaction
2 negligible

‘ . i:;k 1 _ _ a: [t / / :
(5¢2) :/ k1 (IM“L Re {(kkﬁzc—h] Wit )rh‘,]) Bogoliubov

(2»;{-) 3 W expansion
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Back to the Backreaction

Studying the backreaction of the perturbations on the chameleon
background provides insight into these numerical surprises.

.- _ 1 _ .
¢ + V’((/)) . —V”’((/))((S(/)Z ) =0  background equation with backreaction
2 negligible

‘ . i:‘}k 1 _ _ a: [t / / :
(6¢%) :/ a’k 1 (|M+ Re [(“ﬁzﬁ—z@j wi (t )dt]) Bogoliubov

(27’!‘)3 Wi
We know that the occupation numbers are small:|[)’;..,|2 < 1&ap ~1

. 't * /
: Wi 9; [t Wi (T o [t
[3“: — —A’()*zt ‘[ Wk(t’)dt’(yk 2 l{fk(t) — / LP 21 .[ wk(t’!)(}:t’,(‘it/

expansion

QWL- 2w (f’) rH
! 1 . i1} . . b () ‘l" . ‘ (02,
perturbative” particle production T~

Wk 9

W )
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Back to the Backreaction

Studying the backreaction of the perturbations on the chameleon
background provides insight into these numerical surprises.

(; + V'(¢) + V”’((/))((S(/) ) =0  background equation with backreaction

X d‘;k | negligible Bosoliub
2\ __ § =20 [Pwr(t)dt’ ogoliubov
66 = [ o (137 Re e 0 ]) ot

We know that the occupatlon numbers are small:|3;|* < 1 &ay ~ 1
ot - / /
/31« _ Wh =2/ wa:(t’)rit’(YA: > Br(t) :/ wi (1) =2 " wk(t”)dt”dtl

QWL 2w (f’) I
T . . <0 k _ V" b
“perturbative” particle production T~

Wi 5

. .
1 A+ N
/ / 8 A' 4 [(/) )L(/)(t)(:os 2/ wi(t")dt" | dt’
o ) @ ey 2,

recall that we impose IR cut-off

This is the same nonlocal “dissipative” correction derived using in-in
formalism by Boyanovsky, de Vega, Holman, Lee & Singh (1994).
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Back to the Backreaction

Studying the backreaction of the perturbations on the chameleon
background provides insight into these numerical surprises.

(7; + V'(¢) + V”’((/))((S(/) ) =0  background equation with backreaction

i d;k 1 negligible Bosoliub
2\ __ > —2i [Pwi(t)dt’ ogoliubov
- | L (5 s ]

We know that the occupatlon numbers are small:|3;|* < 1 &ay ~ 1
't / /
[3“ f— w—A(iz(l [# wi\'-(t’)dt’(yk —_— [{f},\(t) — / w,’.‘—(t)()zzlf wk(t”)dt”(.itl

2(4)}1 2w (f’) >
T . . J0 k . V"
“perturbative” particle production T~

Wk 9

. .
1 A+ N
/ / = A' Ll )L(/)(t)(:os 2/ w(t")dt"| dt’
o ) @ ey 2,

recall that we impose IR cut-off

This is the same nonlocal “dissipative” correction derived using in-in
formalism by Boyanovsky, de Vega, Holman, Lee & Singh (1994).
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Back to the Backreaction

We now have a new equation of motion for the spatially averaged
chameleon field: ¢ + V'(¢) + D(t) =0

q’b'_l_ V’(gb) V!H[(/)(t)] / V”’[qb(t’)](l.)(t’)(]i [QkTIR,(t B t;)] dt' = 0

167T2 J9

a (X 08 1 .
tmin >~ ty — M /¢ Ci(x) / Hh'ir/;/ ~ v+ In(x) for x < 1
Ja Y

® the “dissipation” term D(t) is nonlocal; it has memory
® D(t) is strongly peaked near the bounce

®before the bounce, kir(t —t') <1 and D(t) acts like a friction term; it has
the same sign as ¢ and it slows the chameleon down.

® but unlike friction, D(t) does not decrease as the chameleon slows down.
D(t) is more like a potential, and it can turn the chameleon around!

®for a time after the bounce, D(t) is negative even though (7) > 0; like a
potential, D(t) returns some energy to the rebounding chameleon.
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Back to the Backreaction

We now have a new equation of motion for the spatially averaged
chameleon field: ¢ + V'(¢) + D(t) =0

q’b'_l_ V’(gb) V!H[(/)(t)] / V’”[qb(t’)]gi.)(t')(]i [2]{311{(15 B t;)] dt' = 0

167T2 J9

' e ‘OS 1 .
tmin >~ ty — M /¢ Ci(z) / H)H'/rf,r/ ~ g+ In(x) for r < 1
Ja Y

® the “dissipation” term D(t) is nonlocal; it has memory
® D(t) is strongly peaked near the bounce

®before the bounce, kir(t —t’) <1 and D(t) acts like a friction term; it has
the same sign as ¢ and it slows the chameleon down.

®but unlike friction, D(t) does not decrease as the chameleon slows down.
D(t) is more like a potential, and it can turn the chameleon around!

®for a time after the bounce, D(t) is negative even though (7) > 0; like a
potential, D(t) returns some energy to the rebounding chameleon.
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Back to the Backreaction

We now have a new equation of motion for the spatially averaged
chameleon field: ¢ + V'(¢) + D(t) =0

g’b'_l_ V’(gb) V!H[(f)(t)] / V”’[qb(t’)]qf.)(t’)(]i [QkTIR(t B t,)] dt' = 0

167T2 J 9

' e ‘OS 1 .
bin =ty — M/¢  Ci(x) / ‘“H'/ff,r/ ~ g+ In(x) for r < 1
Ja Y

® the “dissipation” term D(t) is nonlocal; it has memory
® D(t) is strongly peaked near the bounce

®before the bounce, kir(t —t) < 1 and D(t) acts like a friction term; it has
the same sign as ¢ and it slows the chameleon down.

®but unlike friction, D(t) does not decrease as the chameleon slows down.
D(t) is more like a potential, and it can turn the chameleon around!

®for a time after the bounce, D(t) is negative even though (7) > 0; like a
potential, D(t) returns some energy to the rebounding chameleon.
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A new potential from perturbations

With some manipulation, we can see that the perturbation
backreaction acts like a new potential as ¢ — @in.

b+ V'(¢)+ D(t) =0

ot kip(t —t") < 1

VIH f t 1 y I1 ’ ,
D(t) = u[;ﬁ(z )] / [d(,v (1 )]] {ve + In [2kr (t — t')]}dt
v tmin

ot VH n /
Integrate by parts, and approx. / t[f(f )] ~ V"[p(t) ]/ (H

D(f) o - VI(E(:'(Z )] h ’W } {'71 + In [2}\[1{ - mm)]}

small “nearly constant

Dit) = VD((/))_WZ (@)V" () 0.02 < K < 0.05
Vp(¢) = [V” (qb)} calibrate using numerical results

For ¢ < /\/, VDb (¢) dominates over the chameleon’s bare potential!
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New Models for a New Potential

K —)
Vp(¢) = 5 [VN ((f))] controls the chameleon’s motion.

Predict when the chameleon bounces: Vp(¢y) = ¢2/2
Predict the peak wavenumber in the perturbation energy spectrum:
zl'r]f;(f/r)b) . 2\/§ k:])(‘.él‘k — (Af)wl

At =2, ——arDPV) ‘
Vo (@n)VE (68) ~ Vi)

h 3 : P
k yeak — . M >~ ()25& ]“3/2 . Q; |
o M\ ¢ M 16k M4

ﬁfT‘T_T_WWﬁiT—Tﬁ_‘\WTﬁ mﬁfj_f'

0.16
0.14
0.12
0.1 = V(o)
0.08 R T T J\.Ilu_'
10 10% 1 09 104 10°
[nitial Velocity ¢, (GeV?)

Bounce Value ¢,/M

1 ,/ () h? _)

peak wavenumber (GeV)
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New Models for a New Potential

K ——)
Vp(¢) = 5 [VN ((?)] controls the chameleon’s motion.

Predict when the chameleon bounces: Vp(¢y) = ¢2/2
Predict the peak wavenumber in the perturbation energy spectrum:
QVH((Z)b) . 2\/§ ]‘;:])(‘.El‘k — (Af)ml

At =2, D0 |
VH(oVE (6~ \/VE()

b (M\"° b | B2
k eak = — — ~ (.25 —1 3/2 -
peal = 77 (G-a;,) M [l(im’\['ll

T ﬂ T_Tﬁ'WTﬂTT'ﬁ W

0.16
0.14
0.12
0.1 =V (o)
0.08 R T T J\.IIUJ
10 10% 1 09 104 10°
[nitial Velocity ¢, (GeV?)

Bounce Value ¢, /M

V(o) = @7 /2

peak wavenumber (GeV)

Adrienne Erickcek Pl Cosmology: October 25,2012

Pirsa: 12100125 Page 75/78



High-Energy Chameleons

Peak Wavenumber in Perturbation Spectrum 20
! ! ! ! I
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Summary: A Chameleon Catastrophe
AE, Barnaby, Burrage, Huang 121 | .xxxx

What happens when you kick a chameleon?
It hits its bare potential at a fatal velocity, and then it shatters into pieces!

The chameleon’s interaction with standard mo_del articles hurtles it toward

the minimum of its effective potential. b
® Chameleons with 3 > 1.8 surf toward ¢,

RX

® 3 < 0.42 and a finely tuned ¢; is needed to avoid 'imhpact.\ :
® At impact, ¢ 2 GeV? and Q; S 1/(65%)
Because ¢ >> M2 the rebound is highly nonadiabatic, |§

and perturbations are excited.

® Most (maybe all?) the chameleon’s energy goes into
perturbations.

® The perturbations have wavenumbers k = 10'* GeV

® The perturbations interact with themselves and with
matter: the final state is unknown.

® Chameleons demonstrate how the presence of an
extreme hierarchy of scales can challenge a theory’s

stability. Are there other examples?
Adrienne Erickcek Pl Cosmology: October 25,2012

Pirsa: 12100125 Page 77/78




Pirsa: 12100125

Summary: A Chameleon Catastrophe
AE, Barnaby, Burrage, Huang 121 | .xxxx

What happens when you kick a chameleon?
It hits its bare potential at a fatal velocity, and then it shatters into pieces!

The chameleon’s interaction with standard mo_del articles hurtles it toward

the minimum of its effective potential. e
® Chameleons with 3 > 1.8 surf toward ¢,

® At impact, ¢ 2 GeV? and Q; S 1/(66%)
Because ¢ >> M2 the rebound is highly nonadiabatic, |§

and perturbations are excited.

® Most (maybe all?) the chameleon’s energy goes into
perturbations.

® The perturbations have wavenumbers k = 10" GeV

® The perturbations interact with themselves and with
matter: the final state is unknown.

® Chameleons demonstrate how the presence of an
extreme hierarchy of scales can challenge a theory’s

stability. Are there other examples?
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