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Slow contract ion leads to super-Hubble modes.   

S low contract ion is  a  super-smoother .   

Cook, Glushchenko, Ijjas, Pretorius, Steinhardt  (2020): Super-smoothing through slow contraction

Cook, Davies, Ijjas, Pretorius, Steinhardt (2020): The robustness of slow contraction to cosmic initial conditions

-> to appear *very* soon:



3Generation of primordial perturbations
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- s t a b l e  b a c k g r o u n d  s o l u t i o n ;

- ( n e a r )  s c a l e  i n v a r i a n c e

- l o c a l  n o n - g a u s s i a n i t y :  f NL =  0
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D E N S I T Y  P E R T U R B A T I O N S :

N O  P R I M A R Y  T E N S O R  P E R T U R B A T I O N S !

e.g. ,  I j jas et a l . :  PRD 89 (2014)123520

F R W  B A C K G R O U N D :
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Non-perturbat ive  analys is
Garfinkle,  I j jas ,  Pretorius,  Steinhardt:  to appear soon

t i m e  e v o l u t i o n  o f  t h e  c - f i e l d ’s  
k i n e t i c  e n e r g y  d e n s i t y

t i m e  e v o l u t i o n  o f  t h e  f - f i e l d
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shear – blue

curvature – red

scalar f ield matter – green

Non-perturbat ive  ana lys is
Garfinkle,  I j jas ,  Pretorius,  Steinhardt:  to appear soon
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shear – blue

curvature – red

matter – green

You better  break that  symmetry  …
Gar f ink le ,  I j j a s ,  P re tor ius ,  S te inhard t :  to  appear  soon

t
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What does i t  take to `bounce? ’  
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d a / d t <  0

d a / d t >  0

N U L L  C O N V E R G E N C E  C O N D I T I O N :
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V I O L A T E
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s ingular i ty  resolut ion through `bra id ing’

§ known since the 70s as Lorentz-invariant GR modification; 

§ rediscovered in early 2000s based on EFT considerations;

§ radiatively stable below strong coupling scale L3 << MPl ;

§ admits FRW bounce solution
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But is it a `good’ dynamical theory?



10Test #1: `stabil ity’ to curvature fluctuations of the l inear theory
F o l l o w  e v o l u t i o n  o f  g a u g e - i n v a r i a n t  M u k h a n o v - S a s a k i  v a r i a b l e

B R A I D I N G  P A R A M E T E R :  g  [ =  H ( t )  i n  t h e  E i n s t e i n  l i m i t ]    

measures interaction strength between geometry and scalar field matter

shifts problem from stably violating the null convergence condition and bounce to stably 
connecting to Einstein gravity BOTH before AND after the bounce
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I j j a s ,  S te inhard t  (2017b )

I j j a s ,  S te inhard t  (2017a )
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Test  #2:  check  for  coord inate  art i facts  
` i n s t a b i l i t y ’  v s .  c o o r d i n a t e  s i n g u l a r i t y

N E W T O N I A N

W E L L - B E H A V E D
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Ijjas (2018)



12

Test  #3:  ‘Mode stabi l i ty ’  (a .k .a .  loca l  wel l -posedness )
S t u d y  P D E  s t r u c t u r e  o f  t h e  ` b r a i d e d ’  s y s t e m  

verify that arbitrarily small wavelength mode fluctuations do NOT 
grow to large amplitudes on arbitrarily small timescales

l i nea r i zed  Horndesk i g rav i ty  i n  the  genera l i zed  ha rmon ic  fo rmu la t ion :

⇤xµ = Jµ(x↵)
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the  genera l i zed  ha rmon ic  fo rmu la t ion :

A(t)v̈(t, xm) =
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3X

m=1

Dm(t)
@v̇
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v ⌘ (h00, h0x, h0y, h0z, hxx, hxy, hxz, hyy, hyz, hzz,⇡)
T 2 R11
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where

and

Ijjas, Pretorius, Steinhardt (2019)
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Test  #3:  ‘Mode stabi l i ty ’  cont ’d
` f r o z e n  c o e f f i c i e n t  a p p r o x i m a t i o n ’

Cond i t ions  fo r  weak  hyperbo l i c i t y :  a l l  e i genva lues  o f  P 0 must  be  rea l

@tu = iP(ikm)u
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Pr inc ipa l  symbo l :

move  to  f i r s t -o rder  sys tem:

Cond i t ions  fo r  s t rong  hyperbo l i c i t y :  there  mus t  be  a  comp le te  se t  o f  e i genvec tors
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wi th
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two EVs  assoc i a ted  w i th  the  sca la r  f i e ld :
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Take-home message:

There exist  Horndeski theor ies that  are l inear ly  wel l -
posed around re levant cosmologica l  backgrounds

Necessary condit ions for non-perturbat ive numerica l  
analys is  is  met .

STAY TUNED!


