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hep-phl04041751,(Q, : What models are concerned by these constraints ? )
[arX10v:0810.0713],
[arXiv:0912.5297],
[arXiv:1602.04816]
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A : Today, models with constant decay lifetime )
k and e.m. channels open.
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A Journey in Wonderland of particle |

see e.g.
hep-phl04041751,(Q, : What models are concerned by these constraints ? )
[arXiv:0810.0713],
[arX10v:0912.5297],
[arXiv:1602.04816] k

——

A : Today, models with constant decay lif

and e.m. channels open.
|

|

Models Observables
R ., _

« SUSY / UED inspired : excited stated,
unstable -inos e.g. gravitinos, superWIMP,
WIMPzillas ...

- Sterile neutrinos / Majoron

« Primordial Black Holes
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A Journey in Wonderland of particle |

see e.g.

[hep-ph/0404175], (@, : What models are concerned by these constraints ‘?)
[arXi10v:0810.0713],

[arXiv:0912.5297],
[arXiv:1602.04816] k

——

A : Today, models with constant decay lif

and e.m. channels open.
\

|

Models Observables
— _

« SUSY / UED inspired : excited stated,
unstable -inos e.g. gravitinos, superWIMP,
WIMPzillas ...

- Sterile neutrinos / Majoron

« Primordial Black Holes

No « model building » details today !
Sorry for particle physicist...!
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WIMPzillas ...

Big Bang Nucleosynthesis

Spectral Distortions of the BB distribution

« Sterile neutrinos / Majoron CMB power spectra

- Primordial Black Holes Matter power spectrum

No « model building » details today !
Sorry for particle physicist...!
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A : Today, models with constant decay ]
and e.m. channels open.

Prox
Models Observables J

- SUSY / UED inspired : excited stated,
unstable -inos e.g. gravitinos, superWIMP,
WIMPzillas ...

Big Bang Nucleosynthesis

Spectral Distortions of the BB distribution

« Sterile neutrinos / Majoron CMB power spectra

- Primordial Black Holes Matter power spectrum

No « model building » details today !
Sorry for particle physicist...!

Electromagnetic decay products
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Q. : What models are concerned by these constraints ‘?)

ot

and e.m. channels open.

Proxy !
Models Observables J

- SUSY / UED inspired : excited stated,
unstable -inos e.g. gravitinos, superWIMP,
WIMPzillas ...

Big Bang Nucleosynthesis

Spectral Distortions of the BB distribution

« Sterile neutrinos / Majoron CMB power spectra

- Primordial Black Holes Matter power spectrum

No « model building » details today !
Sorry for particle physicist...!

Electromagnetic decay products Purely gravitational impact of the decay
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Q. : What models are concerned by these constraints ‘?)

ot

and e.m. channels open.

Proxy !
Models Observables J

- SUSY / UED inspired : excited stated,
unstable -inos e.g. gravitinos, superWIMP,
WIMPzillas ...

Big Bang Nucleosynthesis

Spectral Distortions of the BB distribution

« Sterile neutrinos / Majoron CMB power spectra

- Primordial Black Holes Matter power spectrum

No « model building » details today ! * Future: 21 cm ¢
Sorry for particle physicist...!

Electromagnetic decay products Purely gravitational impact of the decay
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- et ut, T, Wt b...

_What happens to the decay products ?
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- et ut, T, Wt b...

e.g. Kawasaki et al.

~What hap ens to the decay products ? PRD D71 (2005) 083502

Jedamzik
PRD D74 (2006) 103509

One Caveab : We restrict ourself to lifetime > 1000 s.
=> We can neglect hadronic products!
Only BBN constraints (for very short lifetime) are sensitive.
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The typical electromagnetic deca o ;Ln exotic particle

- et ut, T, Wt b...

e.g. Kawasaki et al.

~What hap ens to the decay products ? PRD D71 (2005) 083502

Jedamzik
PRD D74 (2006) 103509

One Caveab : We restrict ourself to lifetime > 1000 s.
=> We can neglect hadronic products!
Only BBN constraints (for very short lifetime) are sensitive.

e*and y interact with the plasma = baryons (AKA intergalactic medium) + CMB.

- Development of E.M. cascade through interactions with CMB
_|_

YYCMB — €' € eYCMB — €7 YYCMB — Y7
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The typical electromagnetic deca o ;Ln exotic particle

- et ut, T, Wt b...

e.g. Kawasaki et al.

~What hap ens to the decay products ? PRD D71 (2005) 083502

Jedamzik
PRD D74 (2006) 103509

One Caveab : We restrict ourself to lifetime > 1000 s.
=> We can neglect hadronic products!
Only BBN constraints (for very short lifetime) are sensitive.

e*and y interact with the plasma = baryons (AKA intergalactic medium) + CMB.

- Development of E.M. cascade through interactions with CMB
YyomB — €7eT  eyoMB — €Y YYCMB — VY

- They ionize, excite or heat the IGM... and break atoms !

if
|

B CMB _
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‘Fré etua,in to spectrum iries |

see e.g. textbook « The Cosmic Microwave Background » by R. Durrer; « Cosmology » By Weinberg.
or original papers Seljak & Zaldarriaga APJ. 469 (1996) 437-444; Kamionkowski et al. PRD55 (1997) 7368-7388

In the L.O.S formalism:
(Here, I only recall computation of Temp. anisotropies at 1st order, Newt. gauge)

C’ZT — / d—:PR(k)[@ E(TO; k)]2 Temperature power spectrum

TO .
Oy(7, k) = / drSt(7,k)j0(k(m0 — 7)) Transfer function

St(k,7) = 9(O0 + 1) + (gk05) + e "(¢' +¢') +polarisation  Temperature source function

~~

SW Doppler ISW

-
g(1) = — o F K(T) = / dOT OT AN T Visibility function, optical depth

What could DM decay do to these functions?

Vivian Poulin - LAPTh/RWTH Cosmological constraints on DM decays 6
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(Here, I only recall computation of Temp. anisotropies at 1st order, Newt. gauge)

C’ZT — / d—:PR(k)[@ E(TO; k)]2 Temperature power spectrum

TO .
Oy(7, k) = / drSt(7,k)j0(k(m0 — 7)) Transfer function

)+ (gk20p)" + &, (¢' +¢') +polarisation ' pemperature source function

Visibility function, optical depth

~ e.m. decay : modify visibility function g
What could DM decay do to these functions? and optical depth «k

Vivian Poulin - LAPTh/RWTH Cosmological constraints on DM decays 6
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C’ZT — / d—:PR(k)[@ E(TO; k)]2 Temperature power spectrum

TO .
Oy(7, k) = / drSt(7,k)j0(k(m0 — 7)) Transfer function

St(k,7) = g(Qo + ) + (%\ “0p)" + @K(%JF gfrpdaﬂsation Temperature source function

J/

o(r) = —w'e™  (r) = fdrazaneze\\ Ve flneton, optiesl depth
- - S  \

~ . e.n. decay : modify visibility function g
What could DM decay do to these functions? and optical depth
non e.m. decay : modify ¢’ and y’
Vivian Poulin - LAPTh/RWTH Cosmological constraints on DM decays | 6
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'Evolution euatis for Xe : te fe le;tn fraction j

|

d Iy 1

2T T — T
7> 1+ M+ v (T CMB) .

A 4 A 4 A 4

« The 3-level atom »
by Peebles++ largely extended
nowadays ! e.g. CosmoRec
Shaw&Chluba [1102.3683]

T — —

VP, Serpico & Lesgourgues
ArXiv:1610.10051
and references therein

. ———s
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'Evolution euatis for Xe : te fe le;tn fraction j

|

d' I 1

dz 1+ 2

2T\ + (T — TCMB)‘l‘Kh}

15 \ 4 \ 4 \ 4

« The 3-level atom »
by Peebles++ largely extended
nowadays ! e.g. CosmoRec
Shaw&Chluba [1102.3683]

T — —

VP, Serpico & Lesgourgues
ArXiv:1610.10051
and references therein

. ———s
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“Evolutin eais for X : t f le;tn fraction ]
and Tn, : the matter temperature |

H A @ v eMeeeeeeeeeopnns
dre 1 TN T (s o . N
el LAC R ACR SO N | ]

d' I 1

dz 1+ 2

21w + v(Tv — TCMB)"‘Kh}

15 \ 4 \ 4 \ 4

. T _
VP, Serpico & Lesgourgues « The S-level atom >

. dE by Peebles++ largely extended
ArXi1v:1610.10051
an;re;zreicgs titgfein Ix(z) and Kp(z) o AVt |, nowadays ! e.g. CosmoRec
ep,C
Shaw&Chluba [1102.3683]

i Key qua,ntlty dE / dVvdt | dep,c-

|

- The energy deposition rate by the decay per unit volume in each channel:
ionization, excitation, heating.

- Depending on z and Xe, the plasma can be very inefficient at absorbing energy |

Vivian Poulin - LAPTh/RWTH Cosmological constraints on DM decays '
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—t/T

dE e
m " (Z) — (1 =+ Z)Sfdcdmpdmcz X Aem X -

Vivian Poulin - LAPTh/RWTH Cosmuological constraints on DM decays 8
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—t/T

|
vt/

€

Aoy X

T

number density
of decaying particles
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dE () y e /T
vt/ r

number density % e.m. energy
of decaying particles released per decay

Vivian Poulin - LAPTh/RWTH Cosmological constraints on DM decays 8
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| ’
vt/

number density < €.10. energy decay
of decaying particles released per decay probability

Vivian Poulin - LAPTh/RWTH Cosmological constraints on DM decays 8
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dth
number density < €.m. energy decay
of decaying particles released per decay probability

Typical parametrization through the f.(z, z.) functions :

see e.g. Slatyer et al. dE dFE
PRDS0 (2009) 043526 var| &) = felz,ze) | (2)
updated in dep,c in)
PRD93 (2016) no.2, 023521

Vivian Poulin - LAPTh/RWTH Cosmological constraints on DM decays 8
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dE e—t/T
m i (Z) - (1 + Z)gfdcdmpdmc2 X Aelrn X -
number density < e.m. energy decay
of decaying particles released per decay probability

Typical parametrization through the f.(z,z.) functions :

dE dE
m (Z) :fc(zame)m (Z)

dep,c inj

fe(z, xe)1s the key quantity, it encodes:

- What fraction of the injected energy is left to interact with the IGM
- How this is energy is distributed among each channel : ‘heat’, ‘ionization’, ‘excitation’

In practice, it depends on details of the particle physics and injection history.

Vivian Poulin - LAPTh/RWTH Cosmuological constraints on DM decays 8
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W,

101l —— No decaying dark matter Faodm = Qdedm
- fdcdm 10 e 10 S sdm dcdm
| — =103, 7 =10 _
| dedm i ” X —7€ €, mX — QOOGGV

[ — fdcdm = 10_3, =105

10°f \\ R

3
S
_g 10—1
=
S
g
510—2
1073
0 10Y 101 104 10° 10%

redshift z
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tempera,ture amsotroples

TT
C€
1077}
- ,
U L
U S
al [
~
—~
A
+
=
=, 1071 No decaying Dark Matter
fdcdm = 10_8, T=10"2s
fdcdm = 1078, 7 =105
fdedm = 1073, 7 =10%s
— 12
| 10O o
04}
T 0.2+
Sles 00
2T 02 \
|8 —04}
N .
O— —-06f ——
@)

o
multipole ¢

i

pola,mzatlon amsotropies

EE
Cé

107 102 10°
multipole ¢

- Long lifetime : looks like early reionization, i.e. increase of kreio leads to step-like
suppression above 1 = 10 and bigger reionization bump.

|+ Short lifetime: can have very peculiar behaviour! Larger damping tail, shifted/broaden
reionization bump and suppress LISW.

Vivian Poulin - LAPTh/RWTH

Cosmological constraints on DM decays

10
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101 | VP Serpico & Lesgourgues
ArXiv:1610.10051

Qdcdm
Qsdm + Qdedm

fdcdm
=
o
(e}

see also
Slatyer&Wu
10 | ]
PRD (2017)

CMB constraints
10712 ' ' ' ' ' ' ' ' ' ' ' no.2, 023010
10* 10° 10% 10%° 10%? 10'* 10'® 10%® 10%° 10%? 10%* 10°°

Tdedm [31

10-10 i

|

|
I

- E—

z>» Blue band : reflects difference between energy deposition efficiency.
:>» Results are reliable for my in [103,1018] eV whatever decay channel !

Vivian Poulin - LAPTh/RWTH Cosmological constraints on DM decays 11
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Injected high energy

particles initiate an E.M.

Cascade :

Same idea as before
but now [ scat >> [ hubble

I | / |
L] -4 i |
(valid until recombination) 10

Those bounds are universal !!

Kawasaki & Moroi,
Ap] 452,506 (1995)

————"

Vivian Poulin - LAPTh/RWTH

f dedm

101 | CMB constraints |
BBN constraints

10 10° 10% 10%° 10%% 10** 10 10'® 10%° 10%% 10%* 10%°
Tdcdm[s]

Cosmological constraints on DM decays 13
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YR T e el

BBN very powerful at constraining t = [10%,101”]s|

Injected high energy 10°
particles initiate an E.M. N
Cascade : 1077
107
Same idea as before 103 |
but now [ scat >> [ hubbie ! L0
(valid until recombination)
10~
Those bounds are universal !!
€ 10°
Kawasaki & Moroi, = 107
Ap] 452,506 (1995)
S — —— 10-8
In reality, this is not always 107 |
true! 10710
For MeV-GeV energy injection, |
11 | CMB constraints |
bounds can be much stronger. 10 .
BBN constraints
-12 , , , , , , , , , , ,
e.g. Poulin & Serpico 197107 10° 10° 10 107 10 10 10 102 102 10 10%°
PRD D91 103007 (2015) 10.10 Tdedm!S]

Vivian Poulin - LAPTh/RWTH Cosmological constraints on DM decays 15
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Injected high energy 10°
particles initiate an E.M. B
Cascade : 10
10~
Same idea as before 103 |
but now [ seat >> M hubbie ! y / e ——
(valid until recombination) o |
-5
Those bounds are universal !! ¢ 12_6
Kawasaki & Moroi, - 107
Ap] 452,506 (1995)
—_— 10° ¢

In reality, this is not always 107 |
true!

L 1070 ¢

For MeV-GeV energy injection, VB -

i constraints
bounds can be much stronger. 107 T

BBN constraints

) ) 10-12 | | | | | | | | | | |
e.g. Poulin & Serpico 10* 10° 10%® 10%° 10'° 10 10 10%® 10%° 10%% 10%* 10°%°

PRD D91 103007 (2015) 10.10 Tdedm!S)

¢> Those bounds are very conservative !

Vivian Poulin - LAPTh/RWTH Cosmological constraints on DM decays 15
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CMB vs BBN vs spectral distortions |

10°
| :> Double Compton /
Bremsstrahlung off 107 ¢
107 |
1 = creation of a chemical 102 |
potential
10 |
107 |
E> Compton Scattering off £ |,
=)
iy
y = Compton heating 107 |
(or cooling!) of the CMB gas 108 |
10 ]
y 1-FIRAS
Review: Chluba & Sunyaev 107" ¢ y-FIRAS 1
[arXiv:1109.6552] 10t | BBN constraints —-— u-PIXIE |
CMB constraints —-— y-PIXIE
102 ' ' ' ' ' ' ' ' ' ' '
10* 10° 10® 10'° 10** 10 10'® 10% 10%° 10** 10** 10*°

Tdcdm[s]

Current constraints from FIRAS on the p and y parameters are worst than BBN.
This will (might) change in the future with PIXIE !

Vivian Poulin - LAPTh/RWTH Cosmological constraints on DM decays 14
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e

», What’s next

1u-FIRAS

y-FIRAS
1011 L BBN constraints —-— u-PIXIE
CMB constraints —-— y-PIXIE
107 ' ' ' ' ' ' ' ' ' ' '
10* 10° 10%® 10'° 10'? 10 10'® 10 10%° 10%% 10%** 10%°

Tdcdm[s]

Vivian Poulin - LAPTh/RWTH Cosmological constraints on DM decays 15
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& 3) 21 em forecast
£ 107 J. (??) until to d&j

)
. \Q O S
0 'b\

Vivian Poulin - LAPTh/RWTH Cosmuological constraints on DM decays
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Higher energy Spin

state (mp The next-generation experiment : |
> 21cm with SKA
10* no DM —  CMB |
1s — 1 - f=3e—8, T=1el8 s —— matter |
6Ty (v) = = (1 — exp(~721)) | |

At low-z, large uncertainty due to star
formation leads to pessimistic results.

Lopez-Honorez et al.
JCAP 1608 (2016) no.08, 004

Z 10—~
We neglect stars : valid untilz=20. £ 10§ 4 ~—
=> SKA will measure 0Ty = 5-10 mK g :28/
up to z= 20/25 (V=60 MH2z) ! T e
| v [MHZ]

(and during !) the dark ages

Vivian Poulin - LAPTh/RWTH Cosmological constraints on DM decays 17
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very crude treatment, for illustration only :
next step => add information from power spectrum analysis

f dedm

-FIRA
107 ¢ - g

BBN constraints y-FIRAS

CMB constraints —-— u-PIXIE

0T, = +5 to 10 mK at z~20 —-— y-PIXIE

10* 10° 10% 10'° 10%% 10* 10'° 10'® 10%° 10%% 10%** 10%°

Tdcdm [S ]

Vivian Poulin - LAPTh/RWTH Cosmological constraints on DM decays 18
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= S

Talkke-~home messaqe
e =’

— —— R e

ﬁ};cotié particle decays (including DM) can be strongly constraieciby Cmology. |

[

|

© Bounds are competitive with diffuse gamma-ray background ones.

~ Combination of BBN /spectral distortions / CMB allow constraining more than
20 orders of magnitude in lifetime, and 10 orders of magnitude in abundances.

© can also constrain non-electromagnetic decay!

e p—

Vivian Poulin - LAPTh/RWTH Cosmological constraints on DM decays 19
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= S

Talkke-~home messaqe
S ol

— e

ﬁ}scotié particle decays (including DM) can be strongly oonstraieciby Cmology. |

e Bounds are competitive with diffuse gamma-ray background ones.

> Combination of BBN /spectral distortions / CMB allow constraining more than
20 orders of magnitude in lifetime, and 10 orders of magnitude in abundances.

> can also constrain non-electromagnetic decay!

e

1' - Next Step : 1 cm and reionization ! Many experimensérelached
| (e.8. SKA, HERA).

- First result quite pessimistic given the huge astrophysical uncertainties.

- Some hope : the dark ages, when no stars were there.

= — L
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ﬁ};cotié particle decays (including DM) can be strongly constraieciby Cmology. |

[

|

© Bounds are competitive with diffuse gamma-ray background ones.

© Combination of BBN /spectral distortions / CMB allow constraining more than
20 orders of magnitude in lifetime, and 10 orders of magnitude in abundances.

© can also constrain non-electromagnetic decay!

e

- Next Step : 1 cm and reionization ! Many experimensére lached
| (e.8. SKA, HERA).

~ First result quite pessimistic given the huge astrophysical uncertainties.

© Some hope : the dark ages, when no stars were there.

— ——— — — — —
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nkiown !

Vivian Poulin - LAPTh/RWTH Cosmological constraints on DM decays



Backup PONT, Avignon, 27/04/17

Vivian Poulin - LAPTh/RWTH Cosmological constraints on DM decays <l




Electromagnetic impact

PONT, Avignon, 7/04/17

Hawking, Nature 248, 30 (1974), more details in Carr et al. PRD81 (2010) 104019

1 1019
Tey = ~ 1.06 TeV
BT eraM (: M :) y
| _ ‘A‘/IPBH = iOng | o ﬁ;e;ting
L ———— Mpgg =5 X 1016g Ionization |

—_
e}
[==)
T

—_
3
—_

b=
- -
-
-~

—_
9
N
1
1
1

-~
-
e, e e e = -

Energy deposition function f.(z)

103

102
1+z

101

Vivian Poulin - LAPTh/RWTH

10°

Tonization fraction xe(z)

feBHfeff = 1078, Mpgyg =5 x 1013 g

15.35 M O\
—1 ~
LB = 407(]—"(]\4)) (1010g> S
Zreio = 8.24
— No evap;)rating PBH | |

101}
5 fer = 1077, Mpgy = 100 g
: fee =1, Mppyy = 5 x 106 g
1005\
101
1072
1073
10 109 101 10° 10° 104
redshift z
22
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Constramts on eva,poratmg 7)

QPBH/QDM

Full treatment Planck constraints

10—11
— — — On-the-spot Planck constraints
1071 EGB constraints from Carr et al. 2010
13 Femtolensing constraints from Carr et al. 2016
10 -
'i'0|14 ' ' 10|15 ' ' 10|16
Mppy (9]

:> CMB dominates at low masses and is very competitive until 3+1016g |
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_Ccl)ats on evap 71

QPBH/QDM

Full treatment Planck constraints

10—11
— — — On-the-spot Planck constraints
1071 EGB constraints from Carr et al. 2010
13 Femtolensing constraints from Carr et al. 2016
10 -
'i'0|14 ' ' 10|15 ' ' 1616
Mppy (9]

! ::>» CMB dominates at low masses and is very competitive until 3+1016g |
L _ - )
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100%™ Comparaison with Slatyer&Wu PRD 95 (2017) no.2, 023010
101
D
l.)
10%
1023;—

1023 e el vl i

10°  10* 10° 102 10"  10° 10’ o

DM mass (GeV) 10 10

10° | | | | | _ iy DM mass (GeV)

10!

102 ] 1 ) -

102 | {|° Proof of principle »:

10 | 1| All decay channels and masses are

10% | 1| contained in the uncertainty band, except
ERUY || neutrinos.

107

10 :

0ol Il + Models with invisible decay products should|

1010 | || typically rescale bound by the corresponding

10 | ~ 1lem. BR

CMB constraints i )
197907 10° 10° 10™ 107 10 10 10 10° 102 10° 107

Tdcdm[S]
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|

1 and y spectral distortions [EEEaa el iee
e S [arXi10v:1109.6552]

Most important processes to thermalize any energy injection are
Bremsstrahlung, Compton and Double-Compton scattering. AI(v) = Iiyue(v) — Ipp (V)
If those processes go out of equilibrium, in full generality:

Most important spectral distortions: p and y.
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1 and y spectral distortions [EEEaa el iee
e i [arXiv:1109.6552]

Most important processes to thermalize any energy injection are
Bremsstrahlung, Compton and Double-Compton scattering. Al(v) = LIiue(V) — Ipp (V)
If those processes go out of equilibrium, in full generality:

Most important spectral distortions: p and y.

Primordial Distortions
’ i3 P s ) Y L) NG
4 # temperature-shift, z, > few X 106 A
: u-distortion at % 3x 10’
3 : y-distortion, z, < 10*  _

Ey= comton hea,tin ring!) |

".‘£ ;
—"w 2 y
I of the CMB gas
coa 1: = == e ———————————————
i 0 """"""“""" R0, LSRN i 5
FF s ; Intermediate distortions probe the time
é g i { dependance of the energy injection history

) A ' 3

3t : a [ p ¥ credit: Jens Chluba, « Ecole de Gif », 2014

1 10 100 1000
v [GHz]
26
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1. CMB Physics ~ PONT, Avignon, 27/04/17

The CMB is the most perfect black body in the Universe,
it is very homogeneous and isotropic.

T=2.72548 +/- 0.00057 K

Fluctuations O(107°) !
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The CMB is the most perfect black body in the Universe,
it is very homogeneous and isotropic.

T=2.72548 +/- 0.00057 K

Fluctuations O(107°) !

T(0,¢) —T 6T

T T

]
o
Sl

0,¢

In every point on the sky :

The CMB temperature fluctuations are random !
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The CMB is the most perfect black body in the Universe,
: it is very homogeneous and isotropic.

T=2.72548 +/- 0.00057 K

Fluctuations O(107°) !

T(Q, ¢) — 5
T

= (0,¢) = O(7)

In every point on the sky :

The CMB temperature fluctuations are random !

Our theory does not predict temperature fluctuations, only statistical properties.
=> We need moments of the distribution !
the so called « n-points correlation functions »
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The CMB is the most perfect black body in the Universe,
5 it is very homogeneous and isotropic.

T=2.72548 +/- 0.00057 K

Fluctuations O(107°) !

T(97 ¢) B 5
T

= (0,9)

O(n)

In every point on the sky :

The CMB temperature fluctuations are random !

Our theory does not predict temperature fluctuations, only statistical properties.
=> We need moments of the distribution !
the so called « n-points correlation functions »

Paradigm : ©(7) follows a Gaussian distribution.
| Linear perturbation theory ensures that this will always be the case.
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—— The CMB is the most perfect black body in the Universe,
2 it is very homogeneous and isotropic.

T=2.72548 +/- 0.00057 K

Fluctuations O(107°) !

T(@, ¢) B 5
T

= (0,9)

O(n)

In every point on the sky :

The CMB temperature fluctuations are random !

Our theory does not predict temperature fluctuations, only statistical properties.
=> We need moments of the distribution !
the so called « n-points correlation functions »

Paradigm : ©(7) follows a Gaussian distribution.
| Linear perturbation theory ensures that this will always be the case.

Only 2 moments of interest : (O(n)) =0 (©(n1)B(n3)) # 0
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f;ovxfer spetra =Hroic Transform of he -piﬁts c;relation function
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1. CMB Physics PONT, Avignon, 27/04/17

<a€m> =0 <a£ma2m> — 5%’5mm’cﬁ

It represents the variance of the distribution for a given scale ¢ = 7 /6
(in real space, you can relate it to the amplitude of fluctuations in a given box size)
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Hrmic Tra,nsformo he -piﬁts c;relation functions

Power spectra =

<a€m> =0 <a€ma2m> — 5%’5mm’cﬁ

It represents the variance of the distribution for a given scale ¢ = 7 /6
(in real space, you can relate it to the amplitude of fluctuations in a given box size)

We can determine this power spectra both experimentally and theoretically !
6 free parameters to fit : {wy, Wedm, h, As, Ns, Zreiot
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f;ovxfer spetra =Hroic Transform of he -piﬁts c;relation function

<a€m> =0 <CL£mCLZm> — 566’5mm’C€

It represents the variance of the distribution for a given scale ¢ = 7 /6
(in real space, you can relate it to the amplitude of fluctuations in a given box size)

We can determine this power spectra both experimentally and theoretically !
6 free parameters to fit : {wy, Wedm, h, As, Ns, Zreiot

DM interacts only rvita,tiona,lly in te sandd Cosmology
=> Constraints can be derived

Vivian Poulin - LAPTh/RWTH Cosmological constraints on DM decays <8




1. CMB Physics PONT, Avignon, 27/04/17

Cy = d—:PR(k)[@g(To,k)]Q
Ouro k) = [ drSu(r,k)je(k(ro — 7))

T

St(k,7) = g(0¢ + 1)+ (gk_293)' + G_K(Q/ﬁl + Zb,) +polarisation

SW Doppler ISW

6 free parameters to be « fitted » :  {wy, wWeam, h, As, Ns, Zreio}

6000 FT ~ 1 rJjrtrirtvjJrrrrrrrrrro T 100 :
5000 [ 1 9. 80 .‘
: ] % ;
__. 4000 F 1 » 60 o
i i 1 I .
= 3000 1 = 40 ]
8 - 1 =
2000: 1 Ko 20 -
1000 | — - :
o:l : ]
600_}::::}:} ':*{::::}::::::::::::::}_60” 4 _
- -] ~ 1
< 300F ‘ 430 B< :
S _:_ Al | h h|||ll.|1+l“u 3 8 E Q) 0 .
S ok T s 1% 4 } :
<1 300F H + f} * 1-30 -4 .
6005| 3 _:-60 N 4 2 3§ | 2 3§ 2 3 | 3 3§ 4 3 | 4 2 4 3 1

- C 1+ 2 2224l P L NEEPEE DTS T R SN SR NS T U (SN S N
2 10 30 500 1000 1500 2000 2500 30 500 1000 1500 2000

{ )

¢
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Recombination in a nutshell

H" +e” < H(1s) +~(E > 13.6 eV)

leads to the « saha, » equation at equilibrium

H +e & H +v

followed by

PONT, Avignon, 27/04/17

~(E > 13.6 eV)

1s X Y Y

Vivian Poulin - LAPTh/RWTH Cosmuological constraints on DM decays 30
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Recombination in a nutshell I

H" +e” < H(1s) +~(E > 13.6 eV) (B > 13.6 V)

leads to the « saha » equation at equilibrium

1s X Y Y
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~(E > 13.6 eV)
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1 and y spectral distortions ey AelIRCaINETE:
R e et e ettt —— [arXiv:1109.6552]

Scattering processes should thermalize the injected photons, but if those processes go
out of equilibrium

In full generality: AI(v) = I we(v) — Irp(v) P andy are (almost) eigenmodes in the PCA!

Vivian Poulin - LAPTh/RWTH Cosmological constraints on DM decays sl
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= ]
u and y spectra,l dlStOPthIlS see e.g. Chluba & Sunyaev
o o - = [arXiv:1109.6552]

Scattering processes should thermalize the injected photons, but if those processes go
out of equilibrium

In full generality: AI(v) = I we(v) — Irp(v) P andy are (almost) eigenmodes in the PCA!

A 1 (dE A
p= 1.401[ '07] ~ 1.4/jbbju_<— )dta Y [ pyl /jbbjy ( )
w Y

py \ dt

Vcrea,tion o chemil otntial Vcompton hating ( oolng!) |

(more/less photons tha,n a BB) | of the CMB ga,s |
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: il
u a,nd y spectral dlstortlons see e.g. Chluba & Sunyaev
T ' ' [arXiv:1109.6552]

Scattering processes should thermalize the injected photons, but if those processes go
out of equilibrium

In full generality: AI(v) = I we(v) — Irp(v) P andy are (almost) eigenmodes in the PCA!

A 1 (dE A
p= 1.401[ ,07] ~ 1.4/jbbju_<— )dta Y [ pyl /jbbjy ( )
% Y

py \ di

Vcrea,tion of chemil otntial 3 Vcomptn ha.ting ( oolng!)

(more/less photons tha,n a BB) | of the CMB ga,s

1_|_ 2.589 —1
()T amr-an

Visibility functions related to the range of efficiency of typical processes:
« Compton scattering for Comptonization-y
« Double Compton and Bremsstrahlung for p-distortion

Q

Jbb(2) & eXP[—(Z/Zu)5/2] ,  Jy(2)
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'f}vbt eua,tins for Xe : e lcn atio |
anq Tm : the matter temperature

dT 1
dz 1+ 2

2Ty + (T — TomB)

Is

dF

I.(z) and Kp(z) Vi

dep,c

| Key quantity dE/dVdt | aep,c:

- The energy deposition rate by the decay per unit volume in each channel: ionization,
excitation, heating

- Depending on z and Xe, the plasma can be very inefficient at absorbing energy |

- In full generality, very complicated to compute, need MC simulations.
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'f}vbt eua,tins for Xe : e lcn atio |
anq Tm : the matter temperature

d' I 1
— 27 I — 1 K
dz 1+z | I oM+ h}
Is
dE
I, d K —
(z) and Kp(z) Vi, .

| Key quantity dE/dVdt | aep,c:

- The energy deposition rate by the decay per unit volume in each channel: ionization,
excitation, heating

- Depending on z and Xe, the plasma can be very inefficient at absorbing energy |

- In full generality, very complicated to compute, need MC simulations.
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|

- Below 2OOMeV, main deoay channels are : e.. Drewes et al. ]CAP 1701(201 7) 025

MeV
Io) ~ 3 x 1045( X )@—2 Iy, ~1.6%I's, [ete- = O(10%)T3,
S
. See saw requires typically, ©% > 10~° My, ', what do we learn then ?
Y. MeV
10—2 1 1 ! I I 1 1 1 1 I ! ! !
1074 Ql"s(lo keV) = Qcdm A
106} .
1078} 0,,(200 MeV) = Ocgm -
1010 L |
o\=' 10-12 L |
= 10-14 | ]
10-16 | |
10-18 L |
BBN constraints my, = 10 keV
10—20 i |
CMB.constraints <] ™My, = 200MeV

10 1“10 1"10 13'10 1210 1110 10 10—9 10-8 10—71 6 10— 10 —4 10 -3 10 ~2 101!
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Constramts on keV-MeV sca,le ma,Jora,na, stemle neutmnos

- Below 200MeV, main decay channels are : e.g. Drewes et al. JCAP 1701(2017) 025

Il ~3x 1045(1\§ZV>@—2 Iy, ~1.6%I's, [yete- = O10%)s,

S

- See saw requires typically, ©*>10"°M 1\_4;\, what do we learn then ?

10~ N NN NS NN ANNANNN NN N gy » Cosmology is mostly sensitive
10-4 | Q, (10 keV) = Ocdm | to sterile neutrinos more
weakly coupled than those
107§ / evolve in see-saw mechanism:
10-8 L 0,(200 MeV) = Qcdm A
 Still, it is interesting since
1070 1 masses and mixing of the right-
CE 1012 | | handed neutrinos are not
= constrained by fundamental
1071 1 . physics arguments !
10—16 N |
- KeV-scale neutrinos are usually
10718 1 1 better constrained by diffuse X-
0 BBN constraints my, = 10 keV ray background
107 r CMB.constraints K~ ~] My, =200MeV |
10@“10 310-1210-1110- 1010 10-*;3 1?7 105 10 102 102 10~ Boyarsky et al.
E) MNRAS 370 (2006) 213-218
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<

8
III:
N

=1

Mass fraction

10

Planck

10
Coc & Vengoni 2015 nx10
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For & nuclei :

&

& Strong observational constraints

024 SSva — Y, > 0.2368

956 <102 = ‘H/H < 348 < 10"
Hle/H< 15 <107

Mass fraction

nxlow

Coc & Vengoni 2015
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’_lf"

For & nuclei :

&

& Strong observational constraints
- 572 Y, > 0.2368
‘ 2.56 x 107° < ?H/H < 3.48 x 107°
He/H <15 <10

Mass fraction

The Lithium problem :

Overprediction of the “Li abundance

Ytheo 3 Yobs

ignored today !

= . e.g. Poulin & Serpico
Coc & Vengoni 2015 ™49 PRL 114 (2015) n0.9, 091101
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éa,m «M asoae » £O oop u impler

We inject electromagnetic energy in a plasma with ny >> nyp

;\Q : What is the resulting metastable distribution of photons ‘D

Vivian Poulin - LAPTh/RWTH Cosmological constraints on DM decays &5
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But much simpler

We inject electromagnetic energy in a plasma with ny >> nyp

gq : What is the resulting metastable distribution of photons ‘D

k\A : Same idea as before but now [ scas >> [ hubbie D

Vivian Poulin - LAPTh/RWTH Cosmological constraints on DM decays 85




BBN Constraints PONT, Avignon, 7/04/17

sa,m«l\/la,soae » O oopt ler

We inject electromagnetic energy in a plasma with ny >> nyp

- Q : What is the resulting metastable distribution of photons ‘D

kA : Same idea as before but now [ scas >> [ hubbie I)

' Basic processes are (at high energies) A

Yven — €T e” EYth — €7 YYth — VY

and eventually (very low rates)

YN — eN Y€th — V€

Particle multiplication and energy redistribution
\_ => Electromagnetic cascade ! )
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Kawasaki & Moroi,

Ap] 452,506 (1995) This has been shown to lead to a universal spectrum

T ( .\ —3/2
Kg( ) for E, < ex,
dN x A
(B =35 = Ko(2) " forex <E, <
50 11 [ TTTTI o T dE"." 0\ ex Or€x = Ly > € rrmm— T 77T IIIII_.
N . \ 0 for £ > ¢.. : .
— : . n — Y : 7
— ' ' N = T=1eV ' ; ]
E\_\T =1eV 1 1 : ~ \\_\\\‘ : X ]
40 — T \\\: : — 40 — TTTNw— ' —]
: T ] g - -
- [ T — — e — ~ . ]
pry — ' N : - o e ' y _
> Y H . ; 7 > - 1008V S ' .
o - - — . . -1
8 \' : 1 Q) — I "\ —
— 30 — \ . ] ~_ : " 4
: | | ' - : - I 1 —
> - - : ] = - : :\ .
g ! . 8’ = ' ' . n
- ! . - - ' ' ~—
! . ~ I
20 - ' . N 20 i T
' ' I3 ] —— -—]
' . ' '
' . s, t [
: : @ : : -
! N r T -
! n Lo | lllllllll | 1 llllll | 11 llll" | llllll 11
1 10 ¢ 2 -1 0 1 2 3
1 10 10 10 10 10 10
e, (GeV)

> Shape independent of the energy / temperature of the bath:
Only dictates the overall normalisation;
-~ Threshold due to pair production.
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Non-Universal BBN bounds|
Typically, after the end of standard BBN (5 keV):

Feutoi(1 keV) ~ 12 MeV  Ecytor(10 eV) ~ 1.2 GeV

All cases simulated inject energy such that £, > Ecytof
=> « Theoritical prejudice »!
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]

Nonmversa,l BBNbounds |

Typma,lly, a,fter the end of sta,nda,rd BBl\T (5 keV) :

Feutoi(1 keV) ~ 12 MeV  Ecytor(10 eV) ~ 1.2 GeV

All cases simulated inject energy such that £, > E o
=> « Theoritical prejudice »!

What if Ernjectea < Eecutotr, 1.€. pair production is not operational ?
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Non-Universal BBN bounds|

Typically, after the end of standard BBN (5 keV):

Feutoi(1 keV) ~ 12 MeV  Ecytor(10 eV) ~ 1.2 GeV

All cases simulated inject energy such that £, > E o
=> « Theoritical prejudice »!

What if Ernjectea < Eecutotr, 1.€. pair production is not operational ?

Standard theory of electromagnetic
cascade cannot be applied !
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|
|

Non-Universal BBN bounds

Typically, after the end of standard BBN (5 keV) :

Feutoi(1 keV) ~ 12 MeV  Ecytor(10 eV) ~ 1.2 GeV

All cases simulated inject energy such that £, > E o
=> « Theoritical prejudice »!

What if Ernjectea < Eecutotr, 1.€. pair production is not operational ?

Standard theory of electromagnetic
cascade cannot be applied !

After « standard » BBN :
Ethreshold(Be) = 1.58 MeV < Ecutofr

If Ethreshold < EO < Ecutoff
results in the literature are wrong !

Vivian Poulin - LAPTh/RWTH Cosmological constraints on DM decays
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Consider a photon injection and start by neglecting diffused electrons.
Remaining processes are :

VYeh — VY, Ve, — vet, YN — Ne*

Vivian Poulin - LAPTh/RWTH Cosmuological constraints on DM decays 38
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Consider a photon injection and start by neglecting diffused electrons.
Remaining processes are :

VYeh — VY, Ve, — vet, YN — Ne*

Relevant Boltzmann equation writes :

01 (E,)
ot

= T (B, T()) o (B, (1)) + S(Es )

whose stationary solution is

Hubble rate much smaller than
S(FE Vs t) all particle physics interaction rate,
thus neglected
[ (Ey 1)

fs(Ev) —

n9Cx (1 + 2(1)* e/

where for a decaying particle S ( E% t) — =
07X

py(Ey, 1)
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Consider a photon injection and start by neglecting diffused electrons.
Remaining processes are :

VYeh — VY, Ve, — vet, YN — Ne*

Relevant Boltzmann equation writes :

01 (E,)
ot

= T (B, T()) o (B, (1)) + S(Es )

whose stationary solution is

Hubble rate much smaller than
S(FE Vs t) all particle physics interaction rate,
thus neglected
[ (Ey 1)

fs(Ev) —

1 t 3 —t/TX
where for a decaying particle S| E., t) = n@ + z(1))" e

E. .1
Eorx pv( v )
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Consider a photon injection and start by neglecting diffused electrons.
Remaining processes are :

VYeh — VY, Ve, — vet, YN — Ne*

Relevant Boltzmann equation writes :

01 (E,)
ot

= T (B, T()) o (B, (1)) + S(Es )

whose stationary solution is

Hubble rate much smaller than
S(FE Vs t) all particle physics interaction rate,
thus neglected
[ (Ey 1)

fs(Ev) —

xJ1+ z(¢ e_t/TX

where for a decaying particle S ( E% t) @ 7 OU Dy (EW, t)
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. m
Starting from two body decay  p~(Ey) = 0(E, — Ep) with Ey = TX

exact at the end-point, then iterate

O

S(E.,,t) %S(E,y,t)jt/ ek (Ey, 2 8) f (2 1)
E'V
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. m
Starting from two body decay  p~(Ey) = 0(E, — Ep) with Ey = TX

exact at the end-point, then iterate

O

S(E.,,t) %S(E,y,t)jt/ ek (Ey, 2 8) f (2 1)
E'V

Finally compute nuclei abundances :

dt ZYT/O dE fo(Eq,t)0yiTa(Ey) —Ya Z/O AdEy f5(Ey;t)0y+a—p(Ey)
P

YA — nA/nb
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. m
Starting from two body decay  p~(E.) = 6(E, — Ep) with Ey = TX

exact at the end-point, then iterate

O

S(E..,t) %S(Ev,t)qt/ ek (Ey, 2 8) f (2 1)
E'V

Finally compute nuclei abundances :

(Ey, t)oy+1—Aa(Ey) YAZ/O AEy f(Ey,t)0y+a-pP(Ey)
P

Vg

D Yr / dE., f.,
\ .

Production from photodissociation

. . Yi=na/n
of heavier nuclei A A/ b
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. m
Starting from two body decay  p~(E.) = 6(E, — Ep) with Ey = TX

exact at the end-point, then iterate

O

S(E.,t) — S(E,.,t) + / de K. (B, z,t) - (x 1)
E’Y

Finally compute nuclei abundances :

S — = e e

d y ' -
—= ZYT/ AEy f(Ey, t)oy+r—a(Ey) AZ/O AEy f(Ey,t)0y+a-pP(Ey)
NP

Production from photodissociation Destruction from its

Y4 = n
of heavier nuclei photodissociation 4 =na/m
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Typical results for a given energy and a given temperature of the thermal bath

1078 Universal spectrum
- Spectrum from photons only
----- — Inverse Compton spectrum
Total spectrum
7105 B
2 I
z I
g

—~ —
= -
Qi\ /////

1024 - — - \ ~

[ \
. \ \
Here injected '\ _
_ monochromatic photon . \ _
Ey =70 MeV at T =100 eV \
10%° - _— \
10
E [MeV]
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Proof of principle solution :
monochromatic photon injection

In our case, it is possible to solve the lithium problem,
while fulfilling other constraints.

Note that this was not obvious at all!!
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Proof of principle solution :

monochromatic photon injection

In our case, it is possible to solve the lithium problem,
while fulfilling other constraints.

Note that this was not obvious at all!!

-6 N
10 | — Entropy 20 sensitivity (Planck 2013) \'\, \
=+ p-constraint [18] \‘\.\\
| — - p-constraint [19] \
(| —- u-sensitivity (PIXIE) '\\
-7 , , — , P Ve , , L
0 10° 10° 10° 10’
7ls]
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Proof of principle solution :

monochromatic photon injection

In our case, it is possible to solve the lithium problem,
while fulfilling other constraints.

Note that this was not obvious at all!!

Solution with « wrong »
spectrum : all regions are killed

-6 N
10 | — Entropy 20 sensitivity (Planck 2013) \'\, \
=+ p-constraint [18] \‘\.\\
| — - p-constraint [19] \
(| —- u-sensitivity (PIXIE) '\\
-7 , , — , P Ve , , L
0 10° 10° 10° 10’
7ls]
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Proof of principle solution :

monochromatic photon injection

In our case, it is possible to solve the lithium problem,
while fulfilling other constraints.

Note that this was not obvious at all!!

Solution with « wrong »
spectrum : all regions are killed

\ Our solution :

there’s a living region !

10-6 - e . \‘\ \

| —  Entropy 20 sensitivity (Planck 2013) N

| ‘-~ p-constraint [18] \‘\.\\

‘| — - u-constraint [19] \

| —-  p-sensitivity (PIXIE) \\
10'7 . . M . N . . -

10* 10° 10° 10’
7ls]
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Try with a « real » model that was known to fail
when using universal spectrum : H. Ishida et al.
the Sterile (majorana) Neutrino PRD 90, 8, 083519 (2014)

\ \
\ ‘.

v,
.
.
’
1
.
’
’
.
’
1
1
G
Il
’
.
1
.
‘,
1

\
] — Entropy 20 sensitivity (Planck 2013) k \
10” | \ _
e N 1o sensitivity (Planck 2013) \ \ E
L \ -
[| -+ wp-constraint [18] P _
[| —- wp-constraint [19] \'\ \
[| — - u-sensitivity (PIXIE) R
10° — ' S —
e 1072 107
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Try with a « real » model that was known to fail
when using universal spectrum : H. Ishida et al.
the Sterile (majorana) Neutrino PRD 90, 8, 083519 (2014)

Convert the variables
T — O mixing angle

0, 0 normalise to
( —n./n, active neutrino
density

‘ .
— Entropy 20 sensitivity (Planck 2013) \ \

10° | ‘ ]
1B N.¢ lo sensitivity (Planck 2013) \ \ f
| .-~ p-constraint [18] \"' \
| —- p-constraint [19] R
| —- u-sensitivity (PIXIE) . \

6 |L— . . : — N .
100 07 \ 107
©
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Try with a « real » model that was known to fail
when using universal spectrum :
the Sterile (majorana) Neutrino

Convert the variables
T — O mixing angle

0, 0 normalise to
( —n./n, active neutrino
density

To avoid constraints from
cosmology and labs mixing

‘
1
1
G
Il
1
I3 4
1
.
'
1

\
— Entropy 20 sensitivity (Planck 2013) \

5| \ | .

10 [ e N 1o sensitivity (Planck 2013) \, PeqU-lPed to be mOSt]-y vV, Or Vr
[| -~ p-constraint [18] \‘\_ '
[ pu-constraint [19] \‘\‘ ' T . 1D hi ti
| — . L-sensitivity (PIXIE) . ‘ ypical brancning ratlo

-6 ——— , , , , T , , RN , . -
10 7 102 0° 1:0.1:0.01 in 3v: vete: vy
©)

Vivian Poulin - LAPTh/RWTH Cosmuological constraints on DM decays 4=



Backup PONT, Avignon, 27/04/17

Try with a « real » model that was known to fail
when using universal spectrum :
the Sterile (majorana) Neutrino

Convert the variables
T — O mixing angle

0, 0 normalise to
( —n./n, active neutrino
density

. I To avoid constraints from
' b | cosmology and labs mixing

105 L — Entropy 20 sensitivity (Planck 2013) ‘.\ | '
----- N 1o sensitivity (Planck 2013) \ PeqUII’ed to be IIlOStly V,u Oor Vr
[| ---- p-constraint [18] \‘\_
pu-constraint [19] \‘\‘ . . .
| — - u-sensitivity (PIXIE) Typical branching ratio
-6 ——— , , , , T . _
10 7 102 0° 1:0.1:0.01 in 3v: vete : vy

©

Bounds from entropy is stronger
and there’s a new constraint :

variation of Nesr (planck sensitivity)
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Try with a « real » model that was known to fail
when using universal spectrum : H. Ishida et al.
the Sterile (majorana) Neutrino PRD 90, 8, 083519 (2014)

Convert the variables
T — O mixing angle

0, 0 normalise to
( —n./n, active neutrino
density

To avoid constraints from
cosmology and labs mixing
required to be mostly v, or v,

\
Entropy 20 sensitivity (Planck 2013)
o IEEEEE N 1o sensitivity (Planck 2013)
[| ‘- wp-constraint [18]
| — - p-constraint [19]

| — - u-sensitivity (PIXIE) Typical branching ratio

0° 1:0.1:0.01 in 3v: vete : vy

N\

10'1' - T | 10I'2.
e
Bounds from entropy is stronger
and there’s a new constraint :
variation of Nesr (planck sensitivity)

Vivian Poulin - LAPTh/RWTH Cosmological constraints on DM decays 4=




Backup PONT, Avignon, 27/04/17

Try with a « real » model that was known to fail
when using universal spectrum : H. Ishida et al.
the Sterile (majorana) Neutrino PRD 90, 8, 083519 (2014)

Convert the variables
T — O mixing angle

normalise to
0 0 ] :
C — TN / n,, active neutrino
SRR S 28 _”-';7‘ d-ensj.ty

More dea,s :

: PRL. 114 (2015) 9, 091101 [arXiv:1502.01250] |§
B — T~ T SessSeEsREsTEsRE R aaan g int g from

105 L — Entropy 20 sensitivity (Planck 2‘013) : COSmOIOgBI &Ild. ]'a'bs le1Ilg
----- N, Lo sensitivity (Planck 2013) \ PeqlllPed to be IIlOStly V,LL oI Vr
[| ---- p-constraint [18] \
‘| — - p-constraint [19] " . , ‘
| . censitivity (PIXIE) \ Typical branching ratio

e P o2 1:0.1:0.01in3v:veTe : vy

O

Bounds from entropy is stronger
and there’s a new constraint :
variation of Nerr (planck sensitivity)
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Example with two monochromatic photon injection

~ Bounds are up to ‘

1) — I 10 times stronger ! |
7'- Ill |/ D% ‘I
: //% ———— Entropy 2% variation [/ — ——
-4 :
10 // / ---------- u-constraint [18]
105 / ————— -—- p-sensitivity (PIXIE)
10}
% o
s 107}
T o108}
N |
107} |
1010 | : ]
10 | =
ol oo B T~
10* 10° 10° 107 108 10° 10%°
7 [S] VP & Serpico
PRD. 91 (2015) 10,
103007
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Example with two monochromatic photon injection | Bounds are |

|

f L LAY

— Entropy 2% variation [/
.......... p-constraint [18]

wsL \eoooo ok x00 ——— — p-sensitivity (PIXIE)

C_..X —y [M eV]

Standard (wrong) bound

107
10-10
101
wowl— 3 TS
104 10° 10° 107 108 10° 1010
7 [S] VP & Serpico
PRD. 91 (2015) 10,
103007

L ——
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Example with two monochromatic photon injection

Bounds are up to |

|

=
|
|

107 10 times stronger ! |
| ——— Entropy 2% variation —- s
107 N0 A e p-constraint [18]
1051 oo x50 = —+  p-sensitivity (PIXIE)
10°
% 1077
= E
J ool A Standard (wrong) bound
1020 |
i same overall energy injected
101 | 2 in a monochromastic
10_121 g & T==T777  photon spectrum of 70 MeV
10* 10° 10° 10’ 10° 10° 10%°
7 [S] VP & Serpico
PRD. 91 (2015) 10,
103007
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Example with two monochromatic photon injection

103
I ——— Entropy 2% variation
-4 | .
10 N NS p-constraint [18]
105 XX 5% ) T —+ p-sensitivity (PIXIE)
10 |
3 |
107 |
= :
f]? 10-8 3 '\
N ﬁ \
107 | \
[ \
. N
1010}
a1 =
N Al
10'12- PR | PRy | N qu PR
10* 10° 10° 10’ 10%°
7 [s]

in a monochromatic
photon spectrum of 30 MeV
(close to the peak)

Vivian Poulin - LAPTh/RWTH
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Bounds are up to
10 times stronger ! |

= - e ____

=
|
|

Standard (wrong) bound

Same overall energy injected

in a monochromastic

photon spectrum of 70 MeV

VP & Serpico
PRD. 91 (2015) 10,
103007

435
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Example with two monochromatic photon injection

107
- ———— Entropy 2% variation

4 ;
0 NSNS p-constraint [18]

w3 \oooox 0 == —-  p-sensitivity (PIXIE)
10}
107 }

10 |

CX — [M ev]

109 | \,
1010 ]

101}

e

a2 :
10 1010

10% 10° 10° 10’

in a monochromatic
photon spectrum of 30 MeV
(close to the peak)

Vivian Poulin - LAPTh/RWTH
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Bounds are up to ‘1
10 times stronger ! |

== - e ____

=
|
|

Entropy variation
bound

Standard (wrong) bound

Same overall energy injected

in a monochromastic

photon spectrum of 70 MeV

VP & Serpico
PRD. 91 (2015) 10,
103007

435
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Example with two monochromatic photon injection

Bounds are up to |

|

=
|
|

107 10 times stronger ! |
. | ———— Entropy 2% variation — e
A /97777 11— p-constraint [18] Ent e
| L ntropy variation
s| N\ XK A ——— —-p-sensitivity (PIXIE)
107} / d bound
10 |
> | Current CMB distortion
U 107}
E : bound
iT\ 10° — \
O s i ‘\,\ Standard (wrong) bound
| \'\.
10710
| Same overall energy injected
101 | 2 in a monochromastic
N & | photon spectrum of 70 MeV
e T 10t 1001 0w
7 [S] . , VP & Serpico
in a monochromastic PRD. 91 (2015) 10
photon spectrum of 30 MeV 103007

(close to the peak) — —
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Bounds are up to 1

10° 10 times stronger ! |

==
|
|

Example with two monochromatic photon injection

| ——— Entropy 2% variation —
10 N\ N7 - p-constraint [18] Bt ot
L ntropy variation
s| N\ X XK A ——— —  p-sensitivity (PIXIE)
107} . Y bound
10}
> I Current CMB distortion
UV 107}
S ; bound
$ 10° " \
N | \ Standard (wrong) bound
2L \
107} N
i N\,
1010}
| Same overall energy injected
101 | 2 in a monochromastic
N & | photon spectrum of 70 MeV
0 10* 107 1010
7 [S] . , VP & Serpico
in a monochromatic PRD. 91 (2015) 10
Forecast CMB distortion sensitivity photon spectrum of 30 MeV 103007 '

of PIXIE (close to the peak) — —
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Bounds are up to 1

10° 10 times stronger ! |

==
|
|

Example with two monochromatic photon injection

| ——— Entropy 2% variation —
10 N\ N7 - p-constraint [18] Bt ot
e ntropy variation
s| XX KA ——— —-p-sensitivity (PIXIE)
107 ; Y bound
10-6 — [ )e 00 C
> I Current CMB distortion
UV 107}
= i bound
iT\ 10° — \
N | \ Standard (wrong) bound
=L \
107} N
. N,
10710
| Same overall energy injected
101 | 2 in a monochromastic
i photon spectrum of 70 MeV
1012 L—— on AT
10* 107 1010
7 [S] . h . VP & Serpico
| | o in a monochromastic PRD. 91 (2015) 10,
Forecast CMB distortion sensitivity photon spectrum of 30 MeV 103007

of PIXIE (close to the peak) — —_—
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==
|
|

Example with two monochromatic photon injection Bounds are up ,

1073 10 times stronger ! }‘

- ———— Entropy 2% variation — e
-4
A 47 1 I— p-constraint [18] Hint ot
L ntropy variation
sl XX xS =+ p-sensitivity (PIXIE)
107} . d bound
10-6 — [ )e 0l0 C
> | Current CMB distortion
UV 107}
= : bound
éTh 10° " \
N | \ Standard (wrong) bound
9| \
0 f N\, - 100 big
! N,
1010}
| same overall energy injected
101 | 2 in a monochromastic
Wl & | photon spectrum of 70 MeV
0 10* 107 1010
7 [S] . h . VP & Serpico
| | o in & monochromatic PRD. 91 (2015) 10,
Forecast CMB distortion sensitivity photon spectrum of 30 MeV 103007

of PIXIE (close to the peak) — —
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ﬁxa,mples of nergy dositio

n

efficiency function

X — ete™, EK" = 100 MeV
b ———— x —ete , EXM =100 GeV

T=100¢g

: 107
X = 77y, EX" = 10 keV '
100 GeV |

X — 7, EXn = 10!

109

101
1072

103

1+z

[ ———— x —ete”, EX" =100 GeV

X — eTe~, EK" = 100 MeV

X = 77y, EX" = 10 keV
———— X =77, EX" =100 GeV |

exp(—t(z)/71) Lo
T= s

1+z

-+ Here, the deposition efficiency is summed over all channels :
It represents the efficiency of the plasma at absorbing energy.

- It typically depends on the lifetime, particle energy and nature!
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WTe et-geera,tio re : |

Higher energy Spin
state flip
clcm with SKA @ 't
1420 MHz
- Hyperfine transition from neutral hydrogen b= 21 cm\b%\

~ Very sensitive probes of the Epoch of Reionization (EoR)
- Key quantities : Spin temperature and differential brightness temperature
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WTe et-geera,tio re : |

Higher energy Spin
state flip
clcm with SKA @ 't
1420 MHz
- Hyperfine transition from neutral hydrogen b= 21 cm\‘%\

~ Very sensitive probes of the Epoch of Reionization (EoR)
- Key quantities : Spin temperature and differential brightness temperature

11

1 1 _
— 36_E10/kBTs :>» T§1 _ ~CMB + xCTK + xOéTc 1

no N 14+ x.+ x,

BExc. = Des-exc.

scattering with CMB collision within the gas interaction with UV from stars
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WTe et-geera,tio re : |

Higher energy Spin
state flip
clcm with SKA @ f
1420 MHz
- Hyperfine transition from neutral hydrogen b= 21 cm\%’i\

~ Very sensitive probes of the Epoch of Reionization (EoR)
- Key quantities : Spin temperature and differential brightness temperature

11

1 1 _
— 36_E10/kBTs :>~ T§1 _ ~CMB + xCTK + xaTc 1

no N 14+ x.+ x,

BExc. = Des-exc.

scattering with CMB collision within the gas interaction with UV from stars
Compare patch of the sky with/without hydrogen clouds:

Ts —1TcmB
1+ 2

01y (v) = (1 — exp(—Ty21 )) see e.g. Furlanetto et al. [astro-ph/0608032]
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Higher energy Spin

‘The et—geera,tiore: | g o
2lcm with SKA : ® 4

1420 MH

- Hyperfine transition from neutral hydrogen A= 21 cn:\%’l\
~ Very sensitive probes of the Epoch of Reionization (EoR)

- Key quantities : Spin temperature and differential brightness temperature

—1 —1 —1
E — 3 —F10/kBTs — -1 _ ~CMB + xCTK + CEOMT’C

n - 1+ x €T
0 Exc. = Des-exc. T Ze T Za

scattering with CMB collision within the gas interaction with UV from stars

Compare patch of the sky with/without hydrogen clouds:

Ts —1TcmB
1+ 2

see e.g. Furlanetto et al. [astro-ph/0608032]

01y (V) = (1 — exp(—Ty21))

Difficulty = Huge astrophysical uncertainty, one trick :
SKA will be able to measure 0Ty = 5-10 mK up to z= 20/25 (V=60 MHz)
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