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Outline	
  

 	
  CMB	
  and	
  Dark	
  MaDer	
  overview.	
  

 	
  Effect	
  of	
  WIMP	
  Dark	
  Ma*er	
  AnnihilaLon	
  	
  on	
  the	
  CMB:	
  

 	
  Homogeneous	
  scenario.	
  
 	
  Inhomogeneous	
  scenario:	
  boosted	
  electron	
  perturbaLons.	
  

	
  	
  	
  	
  CMB	
  non-­‐gaussianity	
  from	
  recombina;on:	
  	
  
	
  	
  	
  	
  important	
  to	
  understand	
  in	
  order	
  to	
  disentangle	
  non-­‐linear	
  evoluLon	
  	
  
	
  	
  	
  	
  from	
  exoLc	
  physics/primordial	
  Non-­‐Gaussianity.	
  	
  

	
  	
  •	
  Other	
  effects:	
  enhanced	
  maDer	
  temperature	
  fluctuaLons	
  –	
  key	
  observable:	
  	
  
	
  	
  	
  	
  21	
  cm	
  radiaLon	
  field;	
  CMB	
  B-­‐mode	
  polarizaLon.	
  

 	
  Effect	
  of	
  Dark	
  Ma*er-­‐baryon	
  interac;ons	
  on	
  the	
  CMB	
  and	
  the	
  LSS.	
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 	
  	
  The	
  universe	
  began	
  as	
  a	
  hot	
  and	
  dense	
  plasma	
  
	
  	
  	
  	
  	
  	
  of	
  parLcles	
  in	
  thermal	
  equilibrium.	
  

 	
  RecombinaLon	
  (z	
  	
  	
  	
  	
  1100):	
  
	
  	
  	
  	
  	
  Universe	
  becomes	
  transparent	
  to	
  CMB	
  photons.	
  	
  	
  	
  	
  	
  

	
  Photons	
  mainly	
  	
  freestream.	
  

 	
  RadiaLon	
  from	
  first	
  stars	
  and	
  quasars	
  reionizes	
  
	
  	
  	
  	
  	
  the	
  universe	
  (z	
  	
  	
  	
  	
  10-­‐20)	
  	
  and	
  	
  	
  	
  	
  10%	
  of	
  the	
  
	
  	
  	
  	
  	
  photons	
  re-­‐scaDer.	
  

 	
  We	
  observe	
  these	
  photons	
  at	
  T	
  	
  	
  	
  	
  2.725	
  K.	
  

Cosmic	
  History	
  

≈

p
+ + e

− → H

∼

≈

≈
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CMB	
  Anisotropies	
  

“Snapshot”	
  of	
  the	
  Early	
  Universe	
  

Gaussian	
  random	
  fluctuaLons:	
  	
  ∆T ≈ 100µK
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CMB	
  Power	
  Spectrum	
  

Power	
  spectrum:	
  contains	
  all	
  the	
  informaLon	
  for	
  a	
  Gaussian,	
  isotropic	
  field.	
  

�T�mT ∗
��m�� = CTT

� δ���δmm�

∆T (n̂) =
�

�m

T�mY�m (n̂)

It	
  has	
  been	
  predicted	
  and	
  measured	
  with	
  good	
  precision.	
  

Planck	
  collabora$on	
  (2013)	
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ΛCDM:	
  the	
  “Standard”	
  Model	
  of	
  Cosmology	
  

• 	
  Nearly	
  scale-­‐invariant	
  
• 	
  Gaussian	
  

PerturbaLons	
  Homogeneous	
  background	
  

Ωbh
2,Ωch

2,ΩΛ, τ, θ
As, ns

Origin?	
  

• 	
  Baryonic	
  maDer:	
  5%	
  
• 	
  Cold	
  dark	
  maDer:	
  27%	
  
• 	
  Dark	
  energy:	
  68%	
  

Λ?  CDM?       	
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ΛCDM:	
  the	
  “Standard”	
  Model	
  of	
  Cosmology	
  

PerturbaLons	
  Homogeneous	
  background	
  

Ωbh
2,Ωch

2,ΩΛ, τ, θ

• 	
  Nearly	
  scale-­‐invariant	
  
• 	
  Gaussian	
  

Origin?	
  

As, ns
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• 	
  Baryonic	
  maDer:	
  5%	
  
• 	
  Cold	
  dark	
  maDer:	
  27%	
  
• 	
  Dark	
  energy:	
  68%	
  

Λ?  CDM?       	
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Evidence	
  for	
  Dark	
  MaDer	
  

The	
  cosmic	
  microwave	
  background	
  

Galaxy	
  rota;on	
  curves	
  

Gravita;onal	
  lensing	
  

Overwhelming	
  evidence	
  for	
  Dark	
  MaDer:	
  
GalacLc	
  scales	
  
Cluster	
  scales	
  
Cosmic	
  Microwave	
  Background	
  

mulLpole	
  moment	
  l	
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Looking	
  for	
  Dark	
  MaDer	
  	
  
off	
  the	
  beaten	
  track	
  

Where	
  do	
  Dark	
  MaDer	
  interacLons	
  maDer?	
  

Some	
  well	
  known	
  avenues:	
  

Excess	
  high	
  energy	
  cosmic/gamma	
  rays;	
  
Missing	
  energy	
  at	
  colliders;	
  
Nucleon	
  recoil	
  deep	
  underground;	
  
…	
  

Important	
  to	
  look	
  for	
  new	
  processes	
  



WIMP	
  Dark	
  MaDer	
  AnnihilaLon	
  

 	
  Thermal	
  producLon	
  of	
  DM:	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (WIMP)	
  

 	
  AnnihilaLon	
  rate:	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (n	
  depends	
  on	
  the	
  model	
  of	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  DM	
  distribuLon)	
  	
  	
  	
  	
  

	
  	
  	
  	
  	
  Dark	
  maDer	
  annihilaLon	
  should	
  leave	
  a	
  signature	
  in	
  the	
  CMB.	
  

	
  	
  At	
  z	
  	
  	
  	
  1100,	
  when	
  the	
  CMB	
  decouples,	
  the	
  homogeneous	
  DM	
  density	
  is	
  

	
  CMB:	
  less	
  uncertain$es	
  than	
  other	
  astrophysical	
  probes	
  
	
   	
   	
   	
  (independent	
  of	
  the	
  DM	
  distribu$on)!	
  

∼

×109
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Γ ∝ n2�σv�

n(z = 1100) = ntoday(1 + z)3 ∼ ntoday



FINAL	
  PRODUCTS	
  	
  

W±, Z, bb̄, h

pp̄, νν̄, e±, γ

χ
χ

WIMP	
  Dark	
  MaDer	
  AnnihilaLon	
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Energy	
  InjecLon	
  in	
  the	
  CMB	
  

FINAL	
  PRODUCTS	
  	
  

pp̄, νν̄, e±, γ

•	
  Heat	
  the	
  plasma	
  
•	
  Ionize	
  neutral	
  hydrogen	
  
•	
  Excite	
  H	
  atoms	
  
Shull	
  and	
  van	
  Steenberg,	
  ApJ	
  (1985)	
  
Chen	
  and	
  Kamionkowski,	
  PRD	
  (2004)	
  

Number	
  of	
  DM	
  	
  
	
  	
  parLcle	
  pairs	
  

AnnihilaLon	
  	
  
probability	
  	
  
per	
  unit	
  Lme	
  

Energy	
  released	
  	
  
per	
  annihilaLon	
  

FracLon	
  of	
  energy	
  	
  
absorbed	
  by	
  the	
  plasma	
  
(depends	
  on	
  the	
  model)	
  

dE

dtdV
= npairsPannEannf(z)
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Energy	
  injected	
  into	
  the	
  plasma	
  per	
  unit	
  volume,	
  per	
  unit	
  Lme:	
  

Slatyer,	
  Padmanabhan	
  	
  
and	
  Finkbeiner	
  (2009)	
  



Energy	
  InjecLon	
  in	
  the	
  CMB	
  

FINAL	
  PRODUCTS	
  	
  

pp̄, νν̄, e±, γ

•	
  Heat	
  the	
  plasma	
  
•	
  Ionize	
  neutral	
  hydrogen	
  
•	
  Excite	
  H	
  atoms	
  

Energy	
  injected	
  into	
  the	
  plasma	
  per	
  unit	
  volume,	
  per	
  unit	
  Lme:	
  

Shull	
  and	
  van	
  Steenberg,	
  ApJ	
  (1985)	
  
Chen	
  and	
  Kamionkowski,	
  PRD	
  (2004)	
  

(Majorana	
  parLcle)	
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dE

dtdV
= ρ2χ

�
f(z)�σv�

mχ

�



Standard	
  RecombinaLon	
  

Effec;ve	
  Boltzmann	
  equa;on	
  for	
  the	
  free	
  electron	
  density:	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

∂ne

∂t
+ 3Hne = CH

�
−αHn

2
e
+ βH(nH − ne)e

−E2s/kTM

�
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Peebles,	
  ApJ	
  (1968)	
  
Z’eldovich	
  and	
  Sunyaev,	
  JETP	
  (1969)	
  



Standard	
  RecombinaLon	
  

Effec;ve	
  Boltzmann	
  equa;on	
  for	
  the	
  free	
  electron	
  density:	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

∂ne

∂t
+ 3Hne = CH

�
−αHn

2
e
+ βH(nH − ne)e

−E2s/kTM

�
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Ioniza;on	
  rate	
  

Peebles,	
  ApJ	
  (1968)	
  
Z’eldovich	
  and	
  Sunyaev,	
  JETP	
  (1969)	
  



Standard	
  RecombinaLon	
  

Effec;ve	
  Boltzmann	
  equa;on	
  for	
  the	
  free	
  electron	
  density:	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

∂ne

∂t
+ 3Hne = CH

�
−αHn

2
e
+ βH(nH − ne)e

−E2s/kTM

�
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Ioniza;on	
  rate	
  Recombina;on	
  rate	
  

Peebles,	
  ApJ	
  (1968)	
  
Z’eldovich	
  and	
  Sunyaev,	
  JETP	
  (1969)	
  



Effec;ve	
  Boltzmann	
  equa;on	
  for	
  the	
  free	
  electron	
  density:	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

DM	
  AnnihilaLon	
  at	
  RecombinaLon	
  

+Iχ
∂ne

∂t
+ 3Hne = CH

�
−αHn

2
e
+ βH(nH − ne)e

−E2s/kTM

�

Ioniza;on	
  rate	
  Recombina;on	
  rate	
  

Dark	
  ma*er	
  ioniza;on	
  rate:	
  

Iχ =
nH − ne

3nH

dE

dV dt

1

nH�H

�
1 +

4

3
(1− CH)

�
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Time	
  scales	
  	
  
(RecombinaLon,	
  IonizaLon,	
  Expansion)	
  

101 102 103

10 3

10 2

10 1

100

101

102

1/
M

pc

z

 

 

recombination
standard ionization
DM ionization
expansion (3H)

18	
  C.	
  Dvorkin,	
  K.	
  Blum,	
  and	
  M.	
  Zaldarriaga,	
  Phys.	
  Rev.	
  D	
  (2013)	
  

z	
  (redshio)	
  	
  

1/
M
pc
	
  



IonizaLon	
  “floor”	
  

At	
  200<z<600,	
  there	
  is	
  a	
  compe;ng	
  effect	
  between	
  recombina;on	
  
and	
  ioniza;on	
  from	
  DM	
  annihila;on.	
  

Quasi-­‐equilibrium	
  solu;on	
  for	
  the	
  free	
  electron	
  frac;on:	
  

Dark	
  ma*er	
  can	
  easily	
  dominate	
  the	
  ioniza;on	
  frac;on	
  a[er	
  recombina;on	
  

19	
  

xe = ne/nH

C.	
  Dvorkin,	
  K.	
  Blum,	
  and	
  M.	
  Zaldarriaga,	
  Phys.	
  Rev.	
  D	
  (2013)	
  



Free	
  electron	
  fracLon	
  evoluLon	
  

20	
  

x e
	
  (i
on

iz
aL

on
	
  fr
ac
Lo

n)
	
  

z	
  (redshio)	
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Thomson	
  scaDering	
  

•	
  Dark	
  maDer	
  annihilaLon	
  injects	
  	
  
	
  	
  	
  energy	
  into	
  the	
  plasma.	
  
•	
  Ionizes	
  hydrogen.	
  	
  	
  

•	
  Excess	
  Thomson	
  scaDering:	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  ,	
  

with	
  	
  

T obs(n̂) → T rec(n̂)e−∆τ

∆τ(η) = cσT

� η0

η
dη�a(η�)ne(η

�)

“Visibility	
  funcLon”:	
  probability	
  that	
  
a	
  photon	
  last	
  scaDered	
  at	
  a	
  Lme	
  	
  	
  	
  .	
  η

g(η) = −e−τ(η)τ̇(η)



Effect	
  on	
  the	
  CMB	
  Temperature	
  

A	
  higher	
  ionizaLon	
  suppresses	
  the	
  CMB	
  temperature	
  fluctuaLons	
  

Current	
  CMB	
  constraints	
  are	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  GeV	
  	
  	
  	
  	
  	
  	
  	
  Complementary	
  to	
  direct	
  detecLon	
  	
  
searches,	
  that	
  are	
  most	
  sensiLve	
  to	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  GeV,	
  due	
  to	
  kinemaLcal	
  consideraLons.	
  

Degeneracy:	
  

22	
  

C� → e−2∆τC�

As → e2∆τAs

Padmanabhan	
  and	
  Finkbeiner	
  (2005)	
  

mulLpole	
  moment	
  l	
  



•	
  Screening	
  of	
  the	
  observed	
  spectrum	
  at	
  l>100	
  	
  

•	
  Re-­‐scaDering	
  of	
  photon	
  generates	
  	
  extra	
  polarizaLon	
  at	
  large	
  scales	
  

A	
  higher	
  ionizaLon	
  enhances	
  the	
  polarizaLon	
  fluctuaLons	
  
at	
  large	
  scales	
  

23	
  

Effect	
  on	
  the	
  CMB	
  PolarizaLon	
  

mulLpole	
  moment	
  l	
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Markov	
  Chain	
  Monte	
  Carlo	
  technique	
  

The	
  MCMC	
  algorithm	
  samples	
  the	
  parameter	
  space	
  evaluaLng	
  the	
  
likelihood	
  of	
  the	
  data,	
  given	
  each	
  proposed	
  parameter	
  set.	
  

The	
  posterior	
  distribuLon	
  is	
  obtained	
  using	
  Bayes’	
  Theorem:	
  

Prior	
  probability	
  density	
  

Data	
   Covariance	
  

Likelihood	
  

L(x|p) = 1

(2π)N/2
�

detC(p)
exp

�
−1

2
x†[C(p)]−1x

�

Model	
  

P(p|x) = L(x|p)P(p)�
dpL(x|p)P(p)
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Current	
  and	
  Future	
  	
  
Dark	
  MaDer	
  AnnihilaLon	
  Constraints	
  

from	
  the	
  CMB	
  

•	
  Planck	
  polarizaLon	
  data:	
  coming	
  this	
  year.	
  

•	
  CMB	
  “Stage	
  IV”	
  experiment	
  is	
  being	
  planned	
  now!	
  
W.	
  Wu,	
  J.	
  Errard,	
  C.	
  Dvorkin,	
  C.	
  L.	
  Kuo,	
  A.	
  Lee,	
  et	
  al.,	
  ApJ	
  (2014)	
  

Thermal	
  	
  
cross	
  secLon	
  

mχ [GeV]

WMAP9	
  
Current	
  	
  (Planck+ACT+SPT+BAO+HST+SN)	
  
Full	
  Planck	
  temperature	
  and	
  polarizaLon	
  forecasts	
  
CMB	
  Stage	
  4	
  forecast	
  
Cosmic	
  Variance	
  limit	
  



There	
  are	
  growing	
  ioniza;on	
  modes	
  that	
  track	
  the	
  collapse	
  of	
  ma*er	
  overdensi;es.	
  

k=0.04	
  Mpc-­‐1	
  

Dark	
  MaDer	
  AnnihilaLon	
  
Inhomogeneous	
  scenario	
  

102.4 102.5 102.6 102.7 102.8
10 1

100

101

102

 [Mpc]

(k
=0

.0
4/

M
pc

,
)

 

 

| e|, no annihilation

| e|,  m =8 GeV

| b|

last
scattering

102.4 102.5 102.6 102.7 102.8
10 1

100

101

102

 [Mpc]

(k
=0

.3
/M

pc
,

)

 

 

| e|, no annihilation

| e|,  m =8 GeV

| b|

last
scattering
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pe
rt
ur
ba
Lo

n	
  

pe
rt
ur
ba
Lo

n	
  

Lme	
  	
  	
  	
  	
  	
  [Mpc]	
  	
   Lme	
  	
  	
  	
  	
  	
  [Mpc]	
  	
  η η
C.	
  Dvorkin,	
  K.	
  Blum,	
  and	
  M.	
  Zaldarriaga,	
  Phys.	
  Rev.	
  D	
  (2013)	
  

k=0.04	
  Mpc-­‐1	
   k=0.3	
  Mpc-­‐1	
  



0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

6

4

2

0

2

4

6

8

10

k [1/Mpc]

e

peak visibility: =285 Mpc

 

 
no annihilation
m =2 GeV

m =8 GeV

m =18 GeV

Order	
  of	
  magnitude	
  boost!	
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C.	
  Dvorkin,	
  K.	
  Blum,	
  and	
  M.	
  Zaldarriaga,	
  Phys.	
  Rev.	
  D	
  (2013)	
  

wave	
  number	
  k	
  [1/Mpc]	
  

Comparison	
  to	
  standard	
  first	
  order	
  electron	
  
perturbaLons	
  



0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

5

0
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10

15

20

half width visibility: =310 Mpc

k [1/Mpc]

e

 

 
no annihilation
m =2 GeV

m =8 GeV

m =18 GeV
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Order	
  of	
  magnitude	
  boost!	
  

Comparison	
  to	
  standard	
  first	
  order	
  electron	
  
perturbaLons	
  

wave	
  number	
  k	
  [1/Mpc]	
  
C.	
  Dvorkin,	
  K.	
  Blum,	
  and	
  M.	
  Zaldarriaga,	
  Phys.	
  Rev.	
  D	
  (2013)	
  



Can	
  we	
  observe	
  electron	
  density	
  
perturbaLons	
  in	
  the	
  CMB?	
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  CMB	
  Non-­‐Gaussianity	
  at	
  Recombina;on	
  

C.	
  Dvorkin,	
  K.	
  Blum,	
  and	
  M.	
  Zaldarriaga,	
  Phys.	
  Rev.	
  D	
  (2013)	
  



CMB	
  Non-­‐Gaussianity	
  

30	
  

B�1�2�3
m1m2m3

= �a�1m1a�2m2a�3m3�

	
  Probe	
  of	
  	
  the	
  physics	
  of	
  infla;on	
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B�1�2�3
m1m2m3

= �a�1m1a�2m2a�3m3�

	
  Planck	
  XXIV	
  (2013)	
  

fNLfeature:	
  all	
  models	
  analyzed	
  have	
  less	
  than	
  3	
  sigma	
  significance.	
  	
  

Model-­‐independent	
  formalism	
  to	
  constrain	
  features	
  in	
  the	
  inflaLonary	
  potenLal	
  	
  
from	
  CMB	
  observaLons	
  by	
  means	
  of	
  a	
  principal	
  component	
  analysis.	
  

C.	
  Dvorkin	
  and	
  W.	
  Hu,	
  PRD	
  (2010a)	
  
C.	
  Dvorkin	
  and	
  W.	
  Hu,	
  PRD	
  (2010b)	
  
C.	
  Dvorkin	
  and	
  W.	
  Hu,	
  PRD	
  (2011)	
  
P.	
  Adshead,	
  W.	
  Hu,	
  C.	
  Dvorkin	
  and	
  H.V.	
  Peiris,	
  PRD	
  (2011)	
  
P.	
  Adshead,	
  C.	
  Dvorkin,	
  W.	
  Hu	
  and	
  E.	
  Lim,	
  PRD	
  (2012)	
  

f local
NL = 2.7± 5.8 (68%C.L.)

fequil
NL = −42± 75 (68%C.L.)

fortho
NL = −25± 39 (68%C.L.)

“fNL”:	
  effecLve	
  amplitude	
  	
  
of	
  the	
  non-­‐Gaussian	
  signal	
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Should	
  vanish	
  for	
  single-­‐field	
  inflaLon	
  
Creminelli	
  &	
  Zaldarriaga,	
  M.2004,	
  JCAP,	
  0410,	
  006	
  

B�1�2�3
m1m2m3

= �a�1m1a�2m2a�3m3�

	
  Planck	
  XXIV	
  (2013)	
  

fNLfeature:	
  all	
  models	
  analyzed	
  have	
  less	
  than	
  3	
  sigma	
  significance.	
  	
  

f local
NL = 2.7± 5.8 (68%C.L.)

fequil
NL = −42± 75 (68%C.L.)

fortho
NL = −25± 39 (68%C.L.)

“fNL”:	
  effecLve	
  amplitude	
  	
  
of	
  the	
  non-­‐Gaussian	
  signal	
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Well	
  in	
  the	
  ballpark	
  of	
  the	
  effects	
  we	
  discuss	
  here.	
  

B�1�2�3
m1m2m3

= �a�1m1a�2m2a�3m3�

	
  Planck	
  XXIV	
  (2013)	
  

fNLfeature:	
  all	
  models	
  analyzed	
  have	
  less	
  than	
  3	
  sigma	
  significance.	
  	
  

f local
NL = 2.7± 5.8 (68%C.L.)

fequil
NL = −42± 75 (68%C.L.)

fortho
NL = −25± 39 (68%C.L.)

“fNL”:	
  effecLve	
  amplitude	
  	
  
of	
  the	
  non-­‐Gaussian	
  signal	
  



Can	
  we	
  observe	
  electron	
  density	
  
perturbaLons	
  in	
  the	
  CMB?	
  

CMB	
  Bispectrum:	
  probe	
  of	
  electron	
  density	
  perturba;ons	
  	
  

•	
  From	
  perturbed	
  visibility:	
  anisotropic	
  op;cal	
  depth.	
  
•	
  From	
  perturbed	
  diffusion	
  damping,	
  sound	
  speed,	
  etc.	
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Can	
  we	
  observe	
  electron	
  density	
  
perturbaLons	
  in	
  the	
  CMB?	
  

CMB	
  Bispectrum:	
  probe	
  of	
  electron	
  density	
  perturba;ons	
  	
  

•	
  From	
  perturbed	
  visibility:	
  anisotropic	
  op;cal	
  depth.	
  

The	
  first	
  and	
  second	
  order	
  anisotropies	
  today	
  are	
  given	
  by	
  the	
  line	
  of	
  sight	
  
soluLons	
  to	
  the	
  Boltzmann	
  equaLon:	
  

Θ(1)(�k, η0, n̂) =

� η0

0
dηeikµk(η−η0)g(η)S(1)(�k, η, n̂),

Sδg(�k, η, n̂) =

�
d3q

(2π)3
δe(�k − �q, η)

�
Θ(1)

0 (�q, η) + µqv
(1)
b (�q, η)− 1

2
P2(µq)Π

(1)(�q, η)−Θ(1)(�q, η, n̂)

�
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Seljak	
  and	
  Zaldarriaga	
  (1996)	
  



Can	
  we	
  observe	
  electron	
  density	
  
perturbaLons	
  in	
  the	
  CMB?	
  

CMB	
  Bispectrum:	
  probe	
  of	
  electron	
  density	
  perturba;ons	
  	
  

New	
  anisotropies	
  generated	
  by	
  electron	
  perturba;ons:	
  

g�(η) =

�
dkk2P (k)Θ(1)

� (k, η0)j�[k(η0 − η)]δe(k, η)

B�1�2�3 =
4

π2

�
(2�1 + 1)(2�2 + 1)(2�3 + 1)

�
�1 �2 �3
0 0 0

��
dηg(η) (f�1(η)g�2(η) + perm)

f�(η) = (−1)l
�

dkk2P (k)Θ(1)
� (k, η0)

�

l�,l��

(2l� + 1)(2l�� + 1)

�
� �� ���

0 0 0

�2

il+l�+l��jl� [k(η0 − η)]

•	
  From	
  perturbed	
  visibility:	
  anisotropic	
  op;cal	
  depth.	
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The	
  main	
  boost	
  in	
  the	
  electron	
  perturbaLons	
  by	
  DM	
  annihilaLon	
  	
  
	
  occurs	
  on	
  small	
  scales,	
  l>3000	
  (challenging	
  to	
  observe).	
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at	
  peak	
  visibility	
   at	
  half-­‐maximum	
  visibility	
  

Signal-­‐to-­‐noise	
  	
  	
  	
  	
  0.5	
  for	
  Planck;	
  polarizaLon	
  will	
  have	
  more	
  	
  
informaLon	
  (work	
  in	
  progress).	
  

∼
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Can	
  we	
  observe	
  electron	
  density	
  
perturbaLons	
  in	
  the	
  CMB?	
  

C.	
  Dvorkin,	
  K.	
  Blum,	
  and	
  M.	
  Zaldarriaga,	
  Phys.	
  Rev.	
  D	
  (2013)	
  

mulLpole	
  moment	
  l	
   mulLpole	
  moment	
  l	
  



•	
  Solve	
  the	
  perturbed	
  Boltzmann	
  equaLon	
  up	
  to	
  second	
  order	
  in	
  the	
  Lght	
  	
  
	
  	
  	
  coupling	
  limit	
  (	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  )	
  and	
  idenLfy	
  the	
  physical	
  processes:	
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Θ̈0 + k2c2s

�
1−R∂η

�
R

τ̇(1 +R)

��
Θ0 −

k2c2s
τ̇

�
16

15
+

R2

1 +R

�
Θ̇0 = SkD + Scs

Perturbed	
  Harmonic	
  Oscillator	
  

C.	
  Dvorkin,	
  K.	
  Blum,	
  and	
  M.	
  Zaldarriaga,	
  in	
  prepara$on	
  

k/τ̇ << 1

Silk	
  damping	
  Sound	
  speed	
  

•	
  SoluLon	
  	
  given	
  by	
  WKB’s	
  Green	
  funcLon.	
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Enhanced	
  MaDer	
  Temperature	
  
fluctuaLons	
  

There	
  should	
  be	
  more	
  informa;on	
  in	
  the	
  21	
  cm	
  radia;on	
  field	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (future	
  work).	
  

wave	
  number	
  k	
  [1/Mpc]	
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Current	
  and	
  future	
  	
  
21	
  cm	
  experiments:	
  
LOFAR,	
  MWA,	
  PAPER,	
  
SKA,	
  etc,	
  etc..	
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Beyond	
  the	
  WIMP	
  paradigm	
  

•	
  It	
  has	
  been	
  pointed	
  out	
  that	
  Dark	
  MaDer	
  self-­‐interacLons	
  	
  
	
  	
  	
  and	
  Dark	
  MaDer-­‐Baryon	
  interacLons	
  can	
  significantly	
  affect	
  	
  
	
  	
  	
  small-­‐scale	
  structure.	
  	
  

•	
  Baryon	
  processes	
  such	
  as	
  star	
  formaLon,	
  supernova	
  	
  
	
  	
  	
  feedback,	
  gas	
  accreLon,	
  etc.	
  can	
  have	
  important	
  effects,	
  	
  
	
  	
  	
  but	
  these	
  processes	
  are	
  parLally	
  understood	
  theoreLcally	
  	
  
	
  	
  	
  and	
  poorly	
  constrained	
  observaLonally.	
  	
  

Spergel	
  and	
  Steinhardt	
  (2000);	
  
Cyburt,	
  Fields,	
  Pavlidou	
  	
  and	
  Wandelt	
  (2002)	
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Small-­‐scale	
  issues	
  

•	
  “Missing	
  Satellite	
  problem”:	
  	
  
Does	
  CDM	
  predict	
  too	
  many	
  Satellite	
  Galaxies?	
  

•	
  “Cuspy	
  halo	
  problem”:	
  	
  
Do	
  CDM	
  models	
  predict	
  halos	
  with	
  density	
  cores	
  
that	
  are	
  too	
  dense	
  compared	
  to	
  observaLons?	
  

	
   	
   	
   	
   	
   	
  Possible	
  soluLons:	
  

	
   	
   	
   	
   	
  	
  	
  	
  	
  	
  •	
  Baryonic	
  physics;	
  
	
   	
   	
   	
   	
  	
  	
  	
  	
  	
  •	
  Self-­‐interacLng	
  Dark	
  MaDer;	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  •	
  Dark	
  MaDer-­‐Baryon	
  InteracLons;	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  …	
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Goal:	
  to	
  use	
  observaLonal	
  probes	
  of	
  the	
  CMB	
  and	
  maDer	
  	
  
fluctuaLons	
  (where	
  the	
  theory	
  is	
  under	
  beDer	
  control)	
  	
  
to	
  know	
  how	
  much	
  interacLon	
  between	
  baryons	
  and	
  	
  
Dark	
  MaDer	
  can	
  occur	
  today.	
  

Dark	
  MaDer-­‐Baryon	
  InteracLons	
  

C.	
  Dvorkin,	
  K.	
  Blum	
  and	
  M.	
  Kamionkowski,	
  Phys.	
  Rev.	
  D	
  (2013)	
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Dark	
  MaDer-­‐Baryon	
  InteracLons	
  

with	
  

Dark	
  Ma*er-­‐baryon	
  momentum	
  exchange	
  rate:	
  

for	
   for	
  

δ̇b = −θb −
1

2
ḣ

C.	
  Dvorkin,	
  K.	
  Blum	
  and	
  M.	
  Kamionkowski,	
  Phys.	
  Rev.	
  D	
  (2013)	
  
δ̇χ = −θχ − 1

2
ḣ

θ̇b = − ȧ

a
θb + c2bk

2δb +
ρχ
ρb

Rχ (θχ − θb) +Rγ (θγ − θb)

Rχ =
aρbσ0

mχ +mH

cn

�
Tb

mH

+
Tχ

mχ
+

V 2
RMS

3

�n+1
2

σ(v) = σ0v
n

Rχ ∝ σ0/mχ Rχ ∝ σ0/m
(n+1)/2
χ

θ̇χ = − ȧ

a
θχ + c2χk

2δχ +Rχ (θb − θχ)

mχ >> mH
mχ << mH
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Imprints	
  on	
  the	
  CMB	
  Power	
  Spectrum	
  

C.	
  Dvorkin,	
  K.	
  Blum	
  and	
  M.	
  Kamionkowski,	
  Phys.	
  Rev.	
  D	
  (2013)	
  

mulLpole	
  moment	
  l	
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Effect	
  on	
  the	
  MaDer	
  Power	
  Spectrum	
  

C.	
  Dvorkin,	
  K.	
  Blum	
  and	
  M.	
  Kamionkowski,	
  Phys.	
  Rev.	
  D	
  (2013)	
  

wave	
  number	
  k	
  [h/Mpc]	
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Lyman-­‐alpha	
  

Effect	
  on	
  the	
  MaDer	
  Power	
  Spectrum	
  

C.	
  Dvorkin,	
  K.	
  Blum	
  and	
  M.	
  Kamionkowski,	
  Phys.	
  Rev.	
  D	
  (2013)	
  

wave	
  number	
  k	
  [h/Mpc]	
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Lyman-­‐alpha	
  forest	
  

Image	
  credit:	
  E.	
  Wright	
  

Observer	
  

HI	
  cloud	
  
Quasar	
  

Wavelength	
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Constraining	
  Dark	
  MaDer-­‐Baryon	
  
ScaDering	
  with	
  Cosmology	
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All	
  the	
  curves	
  (	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  )	
  	
  
are	
  normalized	
  to	
  saLsfy	
  	
  
a	
  mean	
  free	
  path	
  of	
  	
  	
  	
  	
  1	
  Mpc	
  	
  
in	
  a	
  system	
  like	
  the	
  Milky	
  Way,	
  
with	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  ,	
  
and	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  .	
  	
  

σ(v) = σ0v
n

∼

ρχ � 0.4 GeV/cm3

v ≈ 220 km/s

C.	
  Dvorkin,	
  K.	
  Blum	
  and	
  M.	
  Kamionkowski,	
  Phys.	
  Rev.	
  D	
  (2013)	
  

z	
  (redshio)	
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Likelihood	
  analysis	
  

L(x|p) = 1

(2π)N/2
�

detC(p)
exp

�
−1

2
x†[C(p)]−1x

�

•	
  CMB	
  temperature	
  data	
  (Planck	
  satellite)	
  	
  	
  
	
   	
   	
   	
  	
  	
  	
  	
  	
  +	
  

•	
  Lyman-­‐alpha	
  data	
  (Sloan	
  Digital	
  Sky	
  Survey)	
  

p =

�
Ωbh

2,Ωch
2, θ, τ, As, ns,

σ

mχ

�
MODEL:	
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Minimal	
  mean	
  free	
  path	
  for	
  baryons	
  scaDering	
  
on	
  Dark	
  MaDer	
  in	
  the	
  Milky	
  Way	
  

8

Having obtained a constraint on σ0 in this way for mχ = 10 GeV, we present our result as a constraint on (σ0/mχ),
valid for any value of mχ subject to mχ � mH, and quoted separately for different values of n. Note that, in the
limit of mχ � mH, there is no dependence on n in the scaling of the bound as function of mχ for fixed σ0, to leading
order in (mH/mχ). This is so because all the dynamical difference between the models is contained in the velocity

dependence, where the thermal dispersion becomes dominated by the baryons,
�
(∆�v)2

�
≈ 3 (Tb/mb) to leading order

in (mH/mχ). While we do not discuss here in detail the limit mχ < mH, we note that the set of equations presented
in Sec. III provides all of the information required to evaluate the bounds in the low-mχ limit, as long as the DM is
non-relativistic throughout the time of interest z � 109 (satisfied for mχ � 1 MeV).

We determine joint constraints on σ0 and the basic set of ΛCDM cosmological parameters,

pµ = {Ωbh
2,Ωχh

2, τ, θ, As, ns}. (20)

Here Ωbh2 is the physical baryon density, Ωχh2 is the physical dark matter density, τ is the reionization optical depth,
and θ is the angular size of the sound horizon at recombination. We ignore tensor modes and assume a flat geometry.

Our numerical results are summarized in Table I. In obtaining these bounds, instead of solving for Tχ [which can
easily be done using Eq. (13)] we simply set Tχ = Tb. The induced error is of O (mH/mχ) for heavy DM.

n CMB (95%CL, cm2/g) CMB + Lyman-α (95%CL, cm2/g) λ (MW)

-4 1.8× 10−17 1.7× 10−17 27 Gpc

-2 3.0× 10−9 6.2× 10−10 738 Mpc

-1 1.6× 10−5 1.4× 10−6 313 Mpc

0 0.12 3.3× 10−3 138 Mpc

+2 1.3× 105 9.5× 103 46 Mpc

TABLE I: 95%CL constraints on (σ0/mχ) from CMB alone (with Planck data) and from CMB in combination with Lyman-α
data from the SDSS. Results are valid for mχ � mH, and conservatively neglect scattering from helium, setting FHe = 0.76
(adding coherent isospin-independent scattering on helium would tighten the bounds by a factor of 6). First column: power-
law index n of Eq. (4). Second column: CMB alone, constraint in units of cm2/g. Third column: combined CMB and
Lyman-α. Fourth column: minimal mean free path for baryon scattering on DM in the MW solar cycle (ρχ ∼ 0.4 GeV/cm3,
v = vMW ∼ 10−3), using the CMB + Lyman-α constraint.

These constraints are obtained using the momentum-transfer rate given in Eq. (18). As discussed at the end of
Sec. III B, at redshift z < 104 Eq. (18) provides only an approximate treatment of the perturbation equations as the
full evolution becomes nonlinear3. To estimate the impact of our approximation, we compare the constraints reported
in Tab. I to the constraints obtained using Eq. (14), instead of (18). For the the n = −2, n = 0, and n = +2 models,
we find that the CMB+Lyman-α constraints exhibit essentially no change. This happens because for these models,
Lyman-α dominates the constraint, and the matter power spectrum on the scales probed by Lyman-α is determined
by mode evolution at z � 104, where Eqs. (14) and (18) are equally valid. In contrast, the model with n = −4 is
constrained primarily by the CMB data, and is sensitive to the appearance of V 2

RMS
in Eq. (18) that regularizes an

otherwise decreasing thermal velocity. Using Eq. (14) instead of (18) for the model with n = −4, we would find an
artificially stronger bound, (σ0/mχ) < 1.4 × 10−18, more constraining by a factor of 10 compared with the number
we quote in Tab. I. We believe that our simplified analysis of the n = −4 case in the nonlinear regime is conservative,
and leaves room for significant improvement of the constraints. This could be of particular interest as n = −4 arises
in simple particle physics models where DM has a small electric charge.

In Fig. 3 we show the effect of DM-baryon scattering on the CMB and matter power spectra, using for the plots the
95% CL limits from the CMB + Lyman-α chains, taken from Tab. I. We add in Fig. 3 (right panel) the experimental
Lyman-α data point used in the likelihood analysis, at k = 1.03 h/Mpc, showing the 95% CL limit of both amplitude
and slope. In the CMB plot, we denote the ±1σ error bars of Planck, including beam noise and cosmic variance, as
black (+) marks.

In Fig. 4 we show separately the slope of the linear matter power spectra for the different models, along with the
experimental value and its 95%CL limit coming from the Lyman-α analysis done in Ref. [42].

Finally, we comment that the likelihood procedure given in Ref. [42] strictly applies only to cosmological models
with a power-law matter power spectrum. This assumption is not completely satisfied in our framework, where a large

3 This issue is relevant for models with n �= −1. For n = −1, Eqs. (14) and (18) coincide.
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