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Isocurvature Sample 
 
High-energy theory motivated: 
 
Multi-field inflation: Axenides, Brandenberger, Turner 83; Linde 85; Starobinsky 85; Silk, Turner 87; Polarski, Starobinsky 94; 
Linde, Mukhanov 97; Langlois 99 
 
Axions: Turner, Wilczek, Zee 83; Steinhardt, Turner 83; Axenides, Brandenberger, Turner 83; Linde 84, 85;  
Seckel, Turner 85; Efstathiou,  Bond 86; Hogan, Rees 88; Lyth 90; Linde, Lyth 90; Turner, Wilczek 91; Linde 91; Lyth 92;  
Kolb, Tkachev 94; Fox, Pierce, Thomas 04; Beltran, Garcia-Bellido, Lesgourgues 06; Hertzberg, Tegmark, Wilczek 08;  
Kasuya, Kawasaki 09; Marsh, Grin, Hlozek, Ferreira 13; Choi, Jeong, Seo 14 
 
B-genesis/Affleck-Dine:  Bond, Kolb, Silk 82; Enqvist, McDonald 99, 00; Kawasaki, Takahashi 01;  
Kasuya, Kawasaki, Takahashi 08;  Harigaya, Kamada, Kawasaki, Mukaida, Yamada 14; Hertzberg, Karouby 14 
 
SUSY Moduli: Yamaguchi 01; Moroi and Takahashi 01; Lemoine, Martin, Yokoyama 09; Iliesiu, Marsh, Moodley, Watson 13 
 
WIMPZILLAs: Chung, Kolb, Riotto, Senatore 04; Chung, Yoo 11; Chung, Yoo, Zhou 13 
 
fermionic isocurvature perturbations: Chung, Yoo, Zhou 13 
 
dark energy isocurvature: Malquarti, Liddle 02; Gordon, Hu 04  

some recent observation focus (many before this time period): 
 
21 cm: Gordon, Pritchard 09; Kawasaki, Sekiguchi, Takahashi 11; Takeuchi, Chongchitnan 13; Sekiguchi, Tashiro, Silk, Sugiyama 13 
 
inhomogeneous baryons and BBN:  Holder, Nollett, Engelen 09 
 
compensated isocurvature perturbations: Grin, Dore, Kamionkowski 11 
 
CMB: Hikage, Kawasaki, Sekiguchi, Takahashi 12; Planck 2013 results XXII; Chlub and Grin 13; 
           Grin, Hanson, Holder, Dore, Kamionkowski 13; Kawasaki and Yokoyama 14  

Fluid dynamics and general field theory parameterizations: 
 
Bardeen 1980; review of Kodama, Sasaki 84; review of Malik, Wands 09; Kolb and Turner, EARLY UNIVERSE 

+ Many more 
papers on  
curvaton and 
non-Gaussianities; 
apologies for omissions 



What is the motivation for studying cosmological imprints of  
dark matter (DM) produced during inflation? 

A theoretically well-motivated class of DM called  
non-thermal DM needs a probe of its production 
mechanism. 

Part I 



Dark matter (DM) explains a large number of cosmological data  
economically.  

From the point of view of early universe cosmology,  
there are two types of DM:  
 
  thermal and non-thermal. 



DM 

thermal = DM # changing in equilib 
 
non-thermal = DM # changing out of equilib 

thermal non-thermal 

production mechanism 
dependent 

X X 

In the hot big bang plasma, what is the number density of DM? 

SM in equilib 



Theoretical appeal of non-thermal DM? 



Log mass 

proton mass 

500 TeV 
may be thermal 

must be  
non-thermal 

[Griest, Kamionkowski 89; 
 DC, Kolb, Riotto 98] 

1) Mass space is large for non-thermal dark matter 

scales are 
generic 
in beyond 
Standard  
Model (BSM) 
physics 



example: 
 
Supersymmetry is one of the best motivated BSM paradigms. 
 
It seems to require a hidden sector to embed the Standard  
Model of particle physics.  
 
Hidden sector scales are in the non-thermal mass region 
 

Furthermore, they are 
natually non-thermalizing 
with the SM fields: 
i.e. hidden 



Some Examples of BSM models 



2) We have not conclusively detected a WIMP yet in colliders or 
     in “conventional” direct/indirect detection  
 
i.e. non-thermal DM is naturally harder to detect than thermal DM 
 
 intuitive: weaker interaction prevents them from thermalizing 

to begin with. 

Longer we don’t “see” it in conventional experiments, 
motivation for naturally hidden objects increases. 



3) Even a tiny fraction of the total dark matter content in nonthermal 
     DM can be seen through gravitational effects of isocurvature with  
     an O(1) effect. 
 

Even if most of DM were thermal, are we sure that  
DM is pure to 1 part in a million?  If neglected,  
you will get your CMB fits wrong. 



Recap: 
 
Non-thermal dark matter study is well motivated 
 
• mass scales and BSM coupling speculations 
• small contamination of DM fraction can be observable 

Challenge (opportunity): 
 
need observable handles on the production. 

an observable handle: inflation 



insensitivity to production 
mechanism (i.e. Boltzmann 
H-theorem) 
 
 
 
WIMP miracle: weak 
cross section gives right  
abundance because 

thermal DM non-thermal DM 

?? use “inflationary  
measurements” and 
other observables sensitive 
to production 
 
numerological coincidences 
exist for some candidates: 
e.g.  gravitationally 
produced superheavy DM 
(WIMPZILLAs) [DC, Kolb, Riotto 98] 
 

Experimental challenge: may not be able to produce them terrestrially. 

Theoretical predictivity comparison: 

experimental help: 



What are DM-photon isocurvature perturbations? 

DM inhomogeneities different from photons. 

Part II 

What are fermionic isocurvature perturbations? 

Inhomogeneities of non-thermal dark matter fermions  
that are dynamical during inflation. 

How do you compute them? 

(correlation functions during inflation) X (transfer function) 

quantum 



inflation is a paradigm for dynamically generating 
special initial conditions of cosmology 

Einstein Eqs. 
coupled to 
special energy and 
 pressure stretches  
space to make it flat 
 

single field 



1 

1 
v=a(t0) L H(t0) < c 

1 

2 

v=a(t1) L H(t1) < c 

inflation space-time 

1 

2 

v=a(t2) L H(t2) > c 

1 

1 

v=0 

flat spacetime quantum fluctuations 

1 

2 

v=0 

1 

1 

v=0 

generated  
inhomogeneity 

field value 

Stretching generates “local average” inhomogeneities 



One inflationary observable sensitive to non-thermal DM can  
be partially isocurvature inhomogeneity initial conditions. 

adiabatic density  isocurvature density 

Special in cosmology: these initial conditions are time evolution 
approximate solutions at early times of relevant Fourier modes of 
linearized fluid equations, i.e. 

inhomogeneity                          inhomogeneity 



Single field      inflation cannot generate isocurvature perturbations. 

[clearest reference is Weinberg 04] 

all inhomogeneities are tied to one field 

N. B. The physical solution is continuously connected by k 
 to a pure diffeomorphism gauge mode. 



Multiple dynamical degrees of freedom naturally lead 
to isocurvature initial conditions in fields which the inflaton 
field and its decay products are very weakly coupled to  
(e.g. non-thermal DM candidates) 



Multiple dynamical degrees of freedom naturally lead 
to isocurvature initial conditions in fields which the inflaton 
field and its decay products are very weakly coupled to  
(e.g. non-thermal DM candidates) 

If there are many more       than      , and forward reactions  occur 

makes enough blue s.t. 
adiabatic again 



[e.g. Weinberg 04] 

If thermal equilibrium, then 

adiabatic again since inhomogeneity is the same. 



The cosmological effect of CDM isocurvature  
on cosmology is primarily gravitational. 

Newtonian intuition: 

Potential force and pressure push fluid components  such 
 as            around. 

e.g. 

This makes CMB sensitive primarily on large scales.  



isocurvature 

adiabatic 

cross 

2013 

CMB 
Scale invariant isocurvature 



In general, final observable effects are 
 
 (inhomogeneity [parameters]) X (avg energy density [parameters]) 

different models give different correlations  

multi-field 

avg inhomog 

isocurvature pre-2013 isocurvature DM candidates 

• axions 
• Affleck-Dine 
• SUSY/String theory moduli 
• WIMPZILLAs 

“particles produced” after quantum statistics generated 

next: a new class of scenarios – fermionic isocurvature perturbations 
All previously known models were bosonic.  



single field 

What about fermion field fluctuations during inflation? 

DC, Yoo, Zhou 1306.1966 e.g. dark matter 
from hidden  
sector 

multi-field 

multi-field + fermion 

Observable: 

no classical VEV for fermions is an  
important generic character of this  
class of isocurvature perturbations 

Fermion Quantum Fluctuations During Inflation  



avg density in fermionic isocurvature: 

inflationary spacetime flat spacetime 

Hawking radiation in inflationary background. 

next, inhomogeneities 

Heisenberg uncertainty  + expansion work + 
conformal symmetry breaking through mass term    



Consider “non-interacting” fermion quantum inhomogeneity during 
 inflation. 

Gives a very blue exponentially 
negligible inhomogeneity 

reason: 

spin 1/2 

A special symmetry of massless fermions called 
Weyl invariance (at tree level) 



Need to add interactions: 

dominates 

add Yukawa interaction among fermions  

[DC, Yoo, Zhou 13] 

Contrast to axions: x x 
x y 

Fermionic isocurvature perturbations   
intuition: 



In general, final observable effects are 
 
 (inhomogeneity [parameters]) X (avg energy density [parameters]) 

different models give different correlations  

Recall: 



Isocurvature 2-pt Comparison 

fermion (in 
the computationally 
simple regime) 

axion 
[e.g. ph/0606107] 

axions are initial condition sensitive 

[1306.1966] 

tunable diff from axions 

Fermions have different parametric relationship between         and   



Isocurvature 2-pt Comparison 

fermion (in 
the computationally 
simple regime) 

axion 
[e.g. ph/0606107] 

axions are initial condition sensitive 

[1306.1966] 

In the case of axion, isocurvature bound + all relic abundance from axion +  
PQ broken during inflation + no symmetry restoration:  

BICEP 2 (in slow-roll inflation): 

[e.g. 1303.5082, 
         1403.4594] 

minimal axions of this type looks bad [e.g. 1403.4186, 
        1403.4594]  

tunable diff from axions 

Fermions have different parametric relationship between         and   

fermion isocurvature survives BICEP2 



Allowed Parameter Region 
Data fitters  
need not 
exclude axion 
functional 
form for 
isocurvature 
since 
ferimion 
isocurvature 
is not ruled out 
even w/ BICEP2 



Aside: Our work is the first fermionic isocurvature perturbation  
computation in the literature. 
 
 

requires composite operator curved spacetime renormalization  
with 8 counter-terms: 

Computation relies crucially on diffeomorphism Ward identities. 

answers “What imprints come from fermion fluctuations during inflation?” 

Computation requires consideration of physics of both 
quasi-dS space and the transition to post inflationary space. 

[DC, Yoo, Zhou 13] 

interesting reference at the technical level: 

First explicit computation of this kind in inflation. 



Admixture sensitivity is typical of isocurvature spectrum 

= 

current data:  <   3% of  

It is sensitive to          as small as  



3-Point Function 

non-gaussianities are similar to the local type 

Can be observationally large in a corner of the parameter space. 



Are Axions Cross-Correlated w/ Curvature? 

[1303.5082] 

Of course, this cannot be strictly true for  



IR sensitive 

Naïve analysis of this quantity can allow this quantity to be O(1). 
Gauge symmetry of general relativity leads to cancellations giving 
a small, but non-zero quantity. 

[DC, Yoo, Zhou 13] 

axions are cross correlated with curvature perturbations 

If measured, it is a test of gauge symmetry of GR. 



What is something interesting for the future in this area? 

Part III 

blue spectrum 



In addition to digging below the 3% level, what else 
may be interesting? 

Since isocurvature spectrum need not be scale 
invariant, a blue spectrum can have large amplitudes 
on short length scales while completely hidden on 
long CMB scales. 



[Takeuchi, Chongchitnan 13] 

matter power spectra 



example 

[Kasuya, Kawasaki  09] 



Some preliminary results: 
 
SUGRA theories have an eta problem.  This can naturally 
generate a blue spectrum. 

[DC et al. preliminary] 



Future: 
 
• Space of models with blue spectrum?   
 
What can we learn about high energy theory if 
we measure blue spectrum?  Perhaps SUGRA scenarios 
(in progress)  What else? 
 
• What kind of discovery probes are possible with  
  a blue spectrum? 
 
• What are the constraints on plausible reheating scenarios 
coming from isocurvature constraints? 



Summary 
 
• Non-thermal dark matter is theoretically well motivated. 
 

• Non-thermal dark matter needs more observables than  
   thermal WIMPs for over-constraint. 
 
• Inflationary production can be probed by isocurvature 
   perturbations. 
 
• Fermionic isocurvature perturbations are a new class of 
   isocurvature perturbations where interactions are seen in the 
   sky. 
 
• Interesting work in blue spectra may remain. 
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