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1. To WIMP or not to WIMP

What do we actually know about Dark Matter?!?

|KNOWN © | | unkvown B |

i dentity

 sbundimce

¢ roush Dk « production
disteibution ** mechanism

o mportont for o« exact velocity
structure formation spectrum

THUS: We should be careful not to

overlook possibdi&&es Just because
%h@.v are called “non-sktandard™!!!



1. To WIMP or not to WIMP

Maybe our most natural guess for the identity of
DM is a yet unknown elementary particle:

* historically most natural possibility: WIMP

Ly because:
- weak interaction known =2 “NATURAL”

- stable WIMPs are predicted in particular by SUSY
and by extra dimensions = “THEORY MOTIVATION“

- comparatively good detection prospects
= “EXPERIMENTAL INTEREST”

* BUT: unfortunately no clear detection so far...

=>» let us think the unthinkable...
WHAT IF DARK MATTER IS NOT A WIMP?!?



2. Sterile neutrinos

What is a sterile neutrino and why could it be a good
Dark Matter candidate?!?

* ordinary (“active®) neutrino v_: known elementary
particle with very small mass and only weak interactions

* sterile neutrino v_: may have a larger mass (value
theoretically not predicted) and does not at all participate
in standard interactions (BUT: small mixing with v,)

* thus: if produced in the right amounts and with a
suitable velocity spectrum, v, could act as DM if they are
sufficiently stable

NB.: NO constiaint from oscillailions!!!



2. Sterile neutrinos

Indeed, a sterile neutrine with a (!:vpicai.)
mass of a few keV may act as DM, Buk..,

* needs non-standard production mechanism (ordinary
thermal freeze-out does not work due to tiny coupling)
=» warm/cold/non-thermal? (interesting for structure

and/or galaxy formation)

* typically, this is decaying Dark Matter: N, —» v+y
=» monoenergetic X-ray signal e.g. from galaxies

* strong connection to ordinary neutrinos
=» concrete models can be tested using light neutrinos



3. Non-thermal production mechanisms



3. Non-thermal production mechanisms

‘ Non-thermal... ‘ What does this mean?!?
THERMAL 1 HOT / COLD
fp) = — T>m T~m T<m
exp < pT+m ) + 1

NON-THERMAL Momentum distributions

Bose—Einstein

F(p) arbitrary  EEEES—e
with:

o0

log[f(p)]

2 NON-THERMAL ——
D f(p) dp < 0 (arbitrary shape)

p=0 THERMAL\
T not defined!!!

log(p)



3. Non-thermal production mechanisms
But what about structure formation?!?

[http://www.ctac.uzh.ch/gallery/]

HOT COLD

More involved for non-thermal spectral!!



3. Non-thermal production mechanisms

‘ PROBLEM: ‘ HOW TO COMPARE TO THE THERMAL CASE?

P f(p.t)

for sure 'colder’ Warwm? Cold?17?

pra

How to decide?!?

tberma ]

for sure 'warmer'

= Warm Darlke
Matter is an
INSUFFICIENT
DESCRIPTION!

2> non-thermal
sped:m are
more
compti.ca&eo\!

> will become
clear bv the
end of my
talle
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4. Production of Sterile Neutrinos
4 main mechanisms for skerile neubrinos:

First: Langacker First: Enquist, Kainulainen

DM: Dodelson & Widrow DM: Shi & Fuller, Abazajian,

Idea: active-sterile mixings Shaposhnikoy, Laine, ...
gradually produce v, Idea: “MSW*-enhancement

of active-sterile transitions

VS-D|\/|; Kusenko, AM, VS-DMZ Bezrukov, Lindner,
Boyanovsky, Shaposhnikov, ... = Nemevsek, Senjanovic, AM,...
|dea: other new particle is Idea: produce entropy to

produced and decays intov, dilute thermal over-
abundance
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4 main mechanisms for skerile heubrinos:
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4. Production nf Sterile Neutrinos
4 oA ¥ or sterile neubkrinos:

Non-reson
irst: Enquist, Kainulainen
'M: Shi & Fuller, Abazajian,
Shaposhnikov, Laine, ...
ldea: “MSW*“-enhancement
of active-sterile transitions

& “Yoi N

VS-DM; Kusenko, AM, VS-DMZ Bezrukov, Lindner,
Boyanovsky, Shaposhnikoy, ... = Nemevsek, Senjanovic, AM,...

Dodelso




Resonant production (“standard®)

Resonank produclzi.ou under pressure!!

le-08}

le-12}

3 4 5 7 10 15 20
m,, [keV]
[e.g. Schneider: JCAP 1604 (2016) 059]



Resonant production (“standard”)

Thus, better be sieptical i} somebody
tries boo hard to rescue this mechanism...

9% proba

SDSS + XQ + HR

20

15

L x 10

10 15 _13| --- SDSS (10 bins)
my, [keV —  SDSS (12 bins) Qo < 0.26
-. SDSS+XQ+HR

~ 4 10"
m,, /keV
[Baur/Palanque-Dellabrouille + Boyarsky/Ruchayskiy et al.: 1706.03118]




Resonant production (“standard”)

Thus, better be sieptical i} somebody
tries boo hard to rescue this mechanism...

o5 proba
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4. Production of Sterile Neutrinos
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e. like CD.‘,\MD
(BUT: part'\a“V “poring”
v.-DM: Kusenko, AM, v.-DM: Bezrukov, Lindner,
Boyanovsky, Shaposhnikoy, ... Nemevsek, Senjanovic, AM,...
Idea: other new particleis  ldea: produce entropy to

produced and decays intov, dilute thermal over-
abundance



4. Production of Sterile Neutrinos

4 main mechanisms for sterile neubrinos:
Non-resonant transitions

v.-DM: Kusenko, AM,
Boyanovsky, Shaposhnikoy, ...
Idea: other new particle is
produced and decays into v,

v.-DM: Bezrukov, Lindner,
Nemevsek, Senjanovic, AM,...
Idea: produce entropy to
dilute thermal over-
abundance
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4. The one that works: Decay production

Scalar (or other) decays: e.g9. § 2 N)N,

* decaying inflaton
[Asaka et al.: Phys. Lett. B638 (2006) 401]
[Anisimov et al.: Phys. Lett. B671 (2009) 211]
[Bezrukov, Gorbunov: JHEP 1005 (2010) 010]

* singlet scalar that freezes out
[Kusenko: Phys. Rev. Lett. 97 (2006) 241301; Kusenko, Petraki: Phys. Rev. D77 (2008) 065014]
[Frigerio, Yaguna: Eur. Phys. J. C75 (2015), 1]

[AM, Schneider: Phys. Lett. B749 (2015) 283; AM, Totzauer: JCAP 1506 (2015) 011]

* singlet scalar that freezes in
[AM, Niro, Schmidt: JCAP 1403 (2013) 028]

[Adulpravitchai, Schmidt: JHEP 1501 (2015) 006]
[AM, Schneider: Phys. Lett. B749 (2015) 283; AM, Totzauer: JCAP 1506 (2015) 011]
[Konig, AM, Totzauer: JCAP 1611 (2016) 038]

[Klasen, Yaguna: JCAP 1311 (2013) 039]

 other particle that decays
[Lello, Boyanovsky: Phys. Rev. D91 (2015) 063502]
[Lello, Boyanovsky: JCAP 1606 (2016) 011]



4. The one that works: Decay production
* SINGLET SCALAR “S“ FREEZES IN OR OUT BEFORE DECAY

[Kusenko: Phys. Rev. Lett. 97 (2006) 241301, Kusenko, Petraki: Phys. Rev. D77 (2008) 065014]
[AM, Niro, Schmidt: JCAP 1403 (2013) 028; AM, Totzauer: JCAP 1506 (2015) 011]

T wa-—s&ep process:
scalar $ must be produced before it can decay




4. The one that works: Decay production
* SINGLET SCALAR “S“ FREEZES IN OR OUT BEFORE DECAY

[Kusenko: Phys. Rev. Lett. 97 (2006) 241301, Kusenko, Petraki: Phys. Rev. D77 (2008) 065014]
[AM, Niro, Schmidt: JCAP 1403 (2013) 028; AM, Totzauer: JCAP 1506 (2015) 011]

T wa-»s&ep process:
scalar § must be produced before it can decay

large coupling to SM
> freeze-out!

1 7

small coupling to SM
D freeze-in

10 Scalar freezes i & Scalar freezes out
106' -9 ; —
10%}
104_
103t
| / ~
5 10+ =~ 10f
= =
= 1 S :
0.1t
0.1+
001} 001}
1073 _
1073 >
1074 S
1074 =
-5 5
10 10—5 -ﬁ-
1078 2
001 100 -6 = ! L .
109 01 0.10 10 100

r=myg/T



4. The one that works: Decay production
* SINGLET SCALAR “S“ FREEZES IN OR OUT BEFORE DECAY

[Kusenko: Phys. Rev. Lett. 97 (2006) 241301, Kusenko, Petraki: Phys. Rev. D77 (2008) 065014]
[AM, Niro, Schmidt: JCAP 1403 (2013) 028; AM, Totzauer: JCAP 1506 (2015) 011]

Two-step process:

scalar $ must be produced before it can decay

> solution: distribution of scalar translakes
directly into distribution c{; sterile neutrinos

/2 A
N e L N
In (x,7) —/0 dr’ QCF . d:z: T fs(x,1")

Tmin = ||z —77/(4z)]| ﬂas//rr

direct translation




4. The one that works: Decay production
* SINGLET SCALAR “S“ FREEZES IN OR OUT BEFORE-S=~"Y

[Kusenko: Phys. Rev. Lett. 97 (2006) 241301; KusepkoRes—

[AM, Niro, Schmidt: JCAP 1403 (201242 o P 1611 .
igh in JCA .
set the ba.r h.\g AM, '\'otzaueﬂ-

direct translation




4. The one that works: Decay production

[Konig, AM, Totzauer: JCAP 1611 (2016) 038]

1079
e —|O
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O @ & 0 X |9 Qpumh-e3o
Vo= X
X S >.4
> Q — 2keV
T 1085 7.1keV
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4. The one that works: Decay production
[Konig, AM, Totzauer: JCAP 1611 (2016) 038]

-3 ’(ﬁi":“-“g
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uuno) —ulewal ],
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Higgs portal A A: scalar to SM



4. The one that works: Decay production
[Konig, AM, Totzauer: JCAP 1611 (2016) 038]
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4. The one that works: Decay production
[Konig, AM, Totzauer: JCAP 1611 (2016) 038]

Distribution functions computed for each case:

(6€)=4.57 |

) Dlstrlbutlon Functlon
1077 1e=60GeV
A=107883
-8.00 259
104} Y=
mN=7.1keV
—~ 1076
=
b
=z [ el
.
Un 10-8
10—10
10—12_
1074 0.001 0.010 0.100 1 10

> Distribution Functlon
1077 1=60GeV

| A=10—6.86
y=10—8.69
| my=20keV

(5=8.66 |

S

100 0.001 0.010 0.100 1 10 100
¢

¢ = momentum
variable that
includes redshift



4.

The one that works: Decay production

[Konig, AM, Totzauer: JCAP 1611 (2016) 038]
Distribution functions computed for each case:

1072}

& (&)

DlStI‘lbuthI‘l Functlon Distribution Functlon

(§=4.57 | 1021

ms=60GeV ms=60GeV . ’
A=10-8'83 | A=10—6.86 <§>_866

i y=10—800 259 10_4 I y=10—8.69 426 |
my=7.1keV mpy=20keV

- -~

et A hiy non-thermal!!'

10°*  0.001 0.010 0.100 1 10 100 1004 0.001 0.010 0.100 1 10 100

¢
¢ = momentum
variable that

includes redshift



4. The one that works: Decay production
[Konig, AM, Totzauer: JCAP 1611 (2016) 038]

Diskribution functions computed fox case:

) Distribution Function
1077 1e=60GeV

& (&)

.
4

¢ = momentum
variable that
includes redshift




4. The one that works: Decay production
[Konig, AM, Totzauer: JCAP 1611 (2016) 038]

Example: Abundance/Yield bv 2-step process

10-3 L

[a—
o
&

ni(r)/s(r)

Y=

[a—
(o=
4

1079

Yields for:
ms=60GeV
A= 10—8.83
y=1 0—8.00

my=7.1keV

ni(r)/s(r)

Yi(r)=

[
<
-

Yields for:
ms=60GeV
A= 10-6.86
y= 10-8.69
my=20keV

i y/therm
' } S

0.5 1
r=mH/T

sterile
neubtrino

5 10 50 100
r=mH/T




5. Structure Formation
Sooo, what about structure formation..?!'?

[http://www.ctac.uzh.ch/gallery/]

HOT COLD
w With non-thermal sr:»ec&m!!!
-» We will see that nwow!!



5. Structure Formation
* SINGLET SCALAR “S“ FREEZES IN OR OUT BEFORE DECAY

[Kusenko: Phys. Rev. Lett. 97 (2006) 241301, Kusenko, Petraki: Phys. Rev. D77 (2008) 065014]
[AM, Niro, Schmidt: JCAP 1403 (2013) 028; AM, Totzauer: JCAP 1506 (2015) 011]

= “Standard treatment”: FREE STREAMING

Ags approx.: ms=1TeV
== hot
= Warim

— cold
Overclosure region
(even for my=0.5keV)

10° .
‘ Free-streaming horizon ‘ T =
S 1 Qpmh€30 Lo
to 1 é
s = [ 8| ;
— ) &
a(t) :
tin 2 '
= :
l 5* 0.1
A
1072
Decides about whether -2
the keV sterile neutrinos JOURUL
10742 .
are HOT, WARM, or COLD (U (S

1 10 10° 10° 10%
Higgs portal Cyp



5. Structure Formation

* SINGLET SCALAR “S”“ FREEZES IN OR OUT BEF~ CAY
[Kusenko: Phys. Rev. Lett. 97 (2006) 241301; Kusenko, Bs “ 065014]
[AM, Niro, Schmidt: JCAP 1403 (2013) 028584 \ENT ‘,‘.‘. A
=» “Star S\JFF\C “ed
. \N .c \NSP
APY eamite | L ipuni©
fye€ a\ A\S efab
A ° M “efm ce d a\' .
o \
fx det (93587 1 2 )
v oA
. 100¢ B L —
oW i e ——
Decide\ﬂ/\'elmer/ 0= $$:¢~ |
the keV'sterile neutrinos SOt =
are HOT, WARM, or COLD Y0 102 ol H'iolo‘ -t;ul((): 10> 10°  10*




[KOnig, AM, Tot

5. Structure Formation
* HOW FREE STREAMING CAN FAIL:

zauer: JCAP 1611 (2016) 038]
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1077.() g \\
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Higgs portal A

Points that fail according to a free-
streaming analysis can actually be in
full agreement’with data.,.



5. Structure Formation
 WAY OUT (VALID FOR ANY NON-THERMAL MODEL ON

THE MARKET, AT LEAST SO FAR):

Generalised TF | (k) = [1 + (ak)ﬁp

0.100

Scalar smalet decay I\anon .Scalar'decay: Transfer functions Notation:
production of keV sterile my [keV] 1.0 @ [Mpc/h] -
‘neutrino dark matter '{ls[‘llg*t’lg]l - L B
. gs () \ [1077] | —— CLASS computation 18, X :
0.001}fs=E 5717 s=E T [ - (a.B.y)-fits : :
e=p S, \ [ B : :
gs: entropy D ngl:(’) " = 08 L
| my: Higgs mass L
[ 0.90
2o 22T AN
N ({:)'S &~ - 0.850 1\,
12610, 987| . i
o 431 00| 30 4 0.0
- 126 37, :
=7L 300 ral 210
10 3.16 1261 200 _
h26 0.2} 0.75} o019
. [ 0.7 \
0010010 0100 1 0 ioo 9§53 =500
&=S"p/T k [h/Mipe]

[Murgia, AM, Viel, Totzauer, Schneider: 1704.07838 [astro-ph]]
CLASS: www.class—codemnet: Lesqourques & Tram
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TH/ AT LEAST S5+
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... and it confirms our half-mode analysis:
[Konig, AM, Totzauer: JCAP 1611 (2016) 038]

Allowed regions
from Ly-a data:
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6. Where to qo from here?!?



6. Where to qo from here?!?

Summary of all constraints:

: : : .
\ ECHo “~._ Lifetime smaller
1077 (stat. limit, y—capture “~_than age of the
3y, a=e) on Dy—163 “~_ Universe
= "\\
o 1=
= RN
Qo SN
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~ —-6L N
T 1077 g e | (stat. limit,
o) )3y, a=e)
S 8 Y€
= |
« g Model-dependent
ol = structure formation_ .-~
1077 E bounds r \
5 ly=e,u,T:
—~ | scalar decay gsat.)—>: .
= |scalar decay Ly—a)—+——
resonant (satellites) — :
resonant (Ly—a) :
10—12 PR | 1 ]

0.5 | 5 10 50
[AM: Sterile Neutrino DM, I0P/M&C] M1 [keV]



6. Where to 90 from here?!?

Summary of all constramts.

I TN

; ECHo “~._ Lifetime smaller
1077 (stat. limit, y—capture “<_than age of the
3y, a=e) on Dy—163 “~_ Universe
o ~ =e I
~d Cmem— S. N
i 100kg, 10 500eV e s
—~ -6 — N
<t 10 - = b (< g
N e [(stat. Iimit,
& g 10t, 10y, 100eV les'By, a=e)
& O
5 |
«x g Model—dependent
9| ‘B structure formation -
1077 E bounds r \
T ly=e,u,T:
=~ |scalar decay gsat )—
= |scalar decay (Ly—a) i
resonant (satellites)
resonant (Ly @)
10—12 1
05 |

[AM: Sterile Neutrino DM, IOP/M&C]



This elephant can‘t be hidden:

[JCAP 1706 (2017) 051] claims that keV sterile neutrino interactions can be
made T-dependent, so that one can actually detect them in kinematical
experiments without spoiling DM production and early Universe cosmology.

BUT: Their arquments rely, to quite some
extend, on incorrect assumptions and/or
oversimplifications...

 DW-distribution of thermal shape:
disproved [AM, Schneider, Totzauer: JCAP 1604 (2016) 003]
* abundance-calculation unrealiable:
successive error due to incorrect shape
* hidden scalar sector very sketchy:
no actual computation of the decisive scalar production
* crucial phase transition not actually computed:
again, only very sketchy estimates are presented



6. Where to 90 from here?!?

Summary of all constraints:

ECHo| - o L&~ smaller
1()_3 r (j/\/‘( (stat. limit, y—Cap ‘ ve of the
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,;, 1 - a e.o‘ H \ |
o) \‘ W€E W \N\ed% SPA E : .
T ent KN© 06 T0
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1077 WE Ir" | A )ﬂk/ucu(m ( |
= -ui (=,
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scalar decay (Ly—aq)————» N |
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resonant (Ly—a) . : . =/
10—12 " PR | . | . A 1 N 1 s 2 2
0.5 | 5 10 50

[AM: Sterile Neutrino DM, 10P/M&C] M1 [keV]



6. Where to qo from here?!?
THREE ROADS LOOK PROMISING:

- X-ray observations from N.—»Vv+Y decay
-> would be good but will take time
given that Hitomi (Astro-H) went to
the happy hunting ground
 new astrophysical signatures to constrain
structure formation at smaller scales
-» @.9. high-redshift galaxies provide
strong support for Lyman-a Limits
* seriously including non-thermal DM into
high-resolution N-body simulations

->» we have showh that this is possible
with less effort than anticipated
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4. Example A: Active-Sterile Transitions

It could all be sooo simple..:

[Dodelson, Widrow: Phys. Rev. Lett. 72 (1994) 17]

* slow non-resonant “oscillations” of active into sterile
neutrinos can gradually produce the DM from the
thermal plasma (just like “freeze-in“) = nice & simple

* this mechanism produces relatively hot DM =» large
mass M, needed, BUT decay into X-rays scales like M,>:




The Dodelson-Widrow mechanism

Exclusion: DW line

1078

Ly-a bound:

-10
10 M,>31.7 keV

ol = 1.24 1074

Sy sin®(26,,)

10712 [Baur et al.: JCAP 1608 (2016) 012]

1 2 5 10

Ml [kCV]
[Canetti et al.: Phys. Rev. D87 (2013) 093006]

20 B 50

| EXCLUDED!!! |




The Dodelson-Widrow mechanism

Exclusion: DW line ‘ N, —» v+y ‘

1078 rvafions -

Ly-a bound: Even stronger when taking into

M,>31.7 keV account full thermal shape
e~ [AM, Schneider, Totzauer: JCAP 1604
(2016) 003]

10—10

4ol =124 1

2 sin’ (26,1)

d

10> F8| [Baur et al.: JCAP 1608 (2016) 012] E

~‘
=~ -~
S~

el =7 107 "7 ==L
10_14 L . . L | ~.~‘|~ -
1 2 5 10 20 50
M \Y%
1 [keV] EXCLUDED!!!

[Canetti et al.: Phys. Rev. D87 (2013) 093006]




The Shi-Fuller mechanism

Is there a good way ouke!?

[Shi, Fuller: Phys. Rev. Lett. 82 (1999) 2832]

* just like for ordinary neutrinos in the Sun, active-sterile
neutrino transitions could be resonantly enhanced by a
sizeable lepton number asymmetry |p,| present in the
early Universe

* this would produce a large amount of v, at a specific
(momentum-dependent) resonance temperature
=>» cooler spectrum

* BUT: the origin of such a primordial lepton number
asymmetry is unclear... 8%8%



The Shi-Fuller mechanism

This pro duces ko non-krivial spec!:m:

[Abazajian: Phys. Rev. Lett. 112 (2014) 161303]
I | | | I | | |

relatively cold peaks on top

1o of warmer (but suppressed)
[ continuum (different curves

= different primordial

e°f(€) (x100)

/ lepton asymmetries)

e=p/T



The Shi-Fuller mechanism
Allowed..?!'?

le-08

“Cold spot” region
already excluded

1le-09

X-ray bound
le-10

sin® (20)

le-11
Possible “signal”
le-12¢
3 4 5 7 10 15 20 25
m,, [keV]

[Schneider: JCAP 1604 (2016) 059]




w Or threatened?!?

le-08}

le-09

le-12}

The Shi-Fuller mechanism

3 4 5 7 10 15 20

m,, [keV]

[Schneider: JCAP 1604 (2016) 059]



4. Example B: DW with initial abundance




4. Example B: DW with initial abundance
BUT: DW is an unavoidable correction!!!
We have looked into this and, in passing, disproved

two common prejudices about DW-production...
[AM, Schneider, Totzauer: JCAP 1604 (2016) 003]

1st prejudice:

DW produces spectrum with thermal shape

- appears as approximation in the original papers:
[Dodelson, Widrow: Phys. Rev. Lett. 72 (1994) 17; DW & Colombi: Astrophys. J. 458
Bpw

(1996) 1]

- used in structure/galaxy formation computations:

[Viel et al.: Phys. Rev. D71 (2005) 063534; Herpich et al.: Mon. Not. Roy. Astron. Soc.
442 (2014) 176; Menci, Fiore, Lamastra: Mon. Not. Roy. Astron. Soc. 421 (2012)
2384; Lovell et al.: Mon. Not. Roy. Astron. Soc. 439 (2014) 300,...]




4. Example B: DW with initial abundance

We have found the FULL SOLUTION (semi-analytically)
[AM, Schneider, Totzauer: JCAP 1604 (2016) 003]

T;ni Crini 13 I
fini ( Tf (g;S((Tf))) p) + fDW (Tf, fZﬂiniap)

fN (Tf)p) =S (Tfa CZ—1ini7 Tf1p7 )

Ty

T 1/3
Wikh: S (T,. Ty, Ts, p) = exp [/ 4T, h (TQ, % (zz gz;) p)]

Ty

_ T, (T, gs (T2)> /8
T.,.Ty,p) = — [ dI5S 1 15,1, 1, h T, — | =
fow ( by D) T/ WS (15, T, T, p) ( fth)( 2T (ngS(Tf) P

S (Tt, Toni, Tt p) fow (Tt T, p) = “S&op the clocie®

15 gs (T3)>1/3 13 (95 (T3)>1/3
'S Tal-TiniaTa Ta,-rinia +
( ’ T (gs (T%) p|Jow | 13 Tt \ gs (T%) b

S (T‘fa T37 TYfaP)

fDW (T}b T37p)

’ CONSERVATION LAW



4. Example B: DW with initial abundance

We have found the FULL SOLUTION (semi-analytically)
[AM, Schneider, Totzauer: JCAP 1604 (2016) 003]

N )\ 173 '
fini (ﬂm (gs (,I;m)) p) + fDW (vaf[;niap)

fN (Tf,p) =38 (Tf7 CZ—1ini7 Tf7p7 ) Tf

gs (T%)
{rr T (gs (Tz))l/B
Redshifted initial [* 7 ‘ DW-part \

o s
vqllstrlbutlon " o) (hn) (Tm%(EQS(Tz)) p)

coupling between | ») =
both parts (5=1)

fow (Ta,

J T gs (T%)
Ta

S (Tt, Toni, Tt p) fow (Tt T, p) = “S&op the clocie®

15 gs (Ts))1/3 13 (QS (T3)>1/3
S T)ﬂniaTa T7,-rinia +
( ’ T (gs (T%) p|Jow | 13 Tt \ gs (T%) b

S (II‘f) T37 TYfaP)

fDW (1}7 T37p)

’ CONSERVATION LAW



4. Example B: DW with initial abundance
BUT: DW is an unavoidable correction!!!
We have looked into this and, in passing, disproved

two common prejudices about DW-production...
[AM, Schneider, Totzauer: JCAP 1604 (2016) 003]

1st prejudice:

DW produces spectrum with thermal shape
- in reality, even if gs is taken constant, which it is NOT

during DW production: .
v Jep) = 1/3 . T \gs (T7) !
exp (p ( (gs) ) )

T \ 9s(T¢) 1 /

This function h (contains active-sterile mixing, mass difference, etc.)
and the whole integral needs to vary SLOWLY with the momentum p!

=>» not the case in reality... =% NO THERMAL SHAPE!!!




4. Example B: DW with initial abundance
BUT: DW is an unavoidable correction!!!

This fulfiction h (contains active-sterile mixing, mass difference, etc.)
and the whole integral needs to vary SLOWLY with the momentum p!

=>» not the case in reality... =% NO THERMAL SHAPE!!!



4. Example B: DW with initial abundance
BUT: DW is an unavoidable correction!!!
We have looked into this and, in passing, disproved

two common prejudices about DW-production...
[AM, Schneider, Totzauer: JCAP 1604 (2016) 003]

2nd prejudice:
DW always produces a too hot spectrum

- different for non-zero initial abundance: if DM is
already present before DW sets in, the spectrum may
experience non-trivial modifications

- illustration: scalar decay production + SUBSEQUENT
modification by the Dodelson-Widrow mechanism



4. Example B: DW with initial abundance

T=10 MeV, Cup=10""°, Cr=107>°, my=6.35 keV

10-3:‘ ‘
5.x 1074
'SD+DW (<x>=8.96) — :
| DW-modification
SD (<x>=9.36) 7
12107 DW (<x>=2.63) ]
5.x1o-5}
%
1.x1o5/ :: |
Combined | initial scalar decay
spectrum ’ spectrum (see Iater)
1.x1078 1~

005 010 050 1 5 10
X

may shift the average momentum to LOWER values (“DW-cooling“)

BUT: SMALL EFFECT!!! (DW-part can at most be a “25% modification)




Comparison: Half-mode analysis vs.

4. Example 2: Decay production

[KOnig, AM, Totzauer: 1609.01289]

free streaming

10O - 10~6Y
- | -
a mgs=100 GeV o a ms=100 GeV
3 v =4 = : .
= T?(k) above half—mode: L <U (t)> dt ® | Free streaming horizon:
XA‘ (:g = forbidden (cons.: my,>2.2 keV) T'Fs = | XA g —hot'(Ar>0.1 Mpc)
| = constrained (res.: my,>3.3 keV) a <t> | —'warm'(0.01 Mpc<dg<0.1 Mpc)
Q| = allowed t: Q)| == cold'{A;<0.01 Mpc)
g - =
7 = 10~ : =
“| Lyman—a bound
o NN Overclosure ~ Overclosure
0.1 1 10 100 1000 104 ch
 [/Mpe] _'_f 10-75
- = 2 E - ) 2
10-80 , g -QDMh 30 E 10-80 g .QDMII e3a
g g g
10783 10-85
2}{8\" ZkeV
00 7.1keV J 00 7.1keV
107 20keV | 10~ 20keV
S0keV Ii II S0keV
100ke V== [ , l 100ke V== l
107771 - | — - 1077 - - -
l” 100 l” .0) l(] 8.0 l” 70 1“ 6.0 l(),\(l l” 40 I“ 100 ]” 2.0 ”) 8.0 ]“ 10 l() 6.0 l()—\ll ]() 4.0

Higgs portal A

-> free-skreaming would classi
“hot"/“warm" and discard at

Higgs portal A

pcm&s A/B as
ast one..



4. Example 2: Decay production

[KOnig, AM, Totzauer: 1609.01289]

« while in reality both are not even touched by
structure formation constrainks!!!!

1.0 e —
0.8
L 0.6 cons. Ly-a
=
S
&
= 04 ms=100 GeV
I -
- | Aa=107""" |
r 1
0.2} | y,=107%0 |
r 1
- mN'A=7.11 keV :
- i
0.0 N S N
0.5 1 5 10 50 100

k [W/Mpd]
> free-streaming cannot describe non-thermal
distributions correctiy!!!!



4. Example 2: Decay production

[KOnig, AM, Totzauer: 1609.01289]

«w whereas our analysis is very robust with

10760

respect to changes in t

10760

—~
a % ms=60 GeV
10702 =2 10707
SE
ale T-(k) above 0.5:
10-70 § —_ forbidd‘en (cons.: myp>2.2 keV) 10-70
m— constrained (res.: my>3.3 keV)
- —dllowed =
el eh
= = = =)
S ;.3 S
2 1078 § Qpwih’e3c 2 10750
> . b
— 2ke
10783 7.1keV 10783
20keV
S50keV
. 100keV o
]“7“' © ]()—)D
DM/
-95 -95
10 10-100 10-99 1080 10-70 10-69 10-50 1040 10 10-100

Higgs portal A

he assump!:io\«:

-
a % ms=60 GeV
g e
3|2
5'3 & T*(k) above 0.05:
g forbidden (cons.: my>2.2 keV)
= m— constrained (res.: my,>3.3 keV)
— dllowed
=
z
e
m
(39) b
9 OQpmh eldor
— 2keV
T.1keV
20keV
S50keV
100keV
DM/
]() 9.0 l() 8.0 I() 70 ]() 6.0 l()~<‘|l ]() 4.0

Higgs portal A

> even a change of the referece point bv owhe
order of magnitude hardly offects our resulks!



4. The one that works: Decay production
[Konig, AM, Totzauer: JCAP 1611 (2016) 038]

* TECHNICALITY: How to crack a coupled system of non-linear partial
integro-differential equations in two variables?

SCALAR |\
°2 ¢

Lfs(T) =D T) fs(p,T) + / dp'’K® (p,p',T) [fs (p,T) fs @, T) — f5* (p,T) f&* (¥, T)]

Lix(nT) = [ kY oo, D) fs@.T) L =4 —Hpl
ot op

0

STERILE NEUTRINO |

Liouville oerpator

> extremely tricky if not appraoched in the
correct way (no known type of integro-
differen&ia? equation, like e.g. Volterra-type,
because of integrals extending over the
whole domain in the momentum p)



4. The one that works: Decay production
[Konig, AM, Totzauer: JCAP 1611 (2016) 038]

* Our strategy:
o family of new variables:

T} r(T,p) =r(T) | /
— < alt(T > — < 1/3
p \S(Ta p) =f (a,[[t((TO))]] p) ) \5 — % (ggss((?)))

-> equations decoupled, numerics stabelised (m, & T,!!)

o discretise the “momentum® € into fine slices, to turn the PDE
into a system of ODEs:

SHEO=D ML+ Y RI0)[F0) H0) - £ 0) £ )]

o use a solver that is NOT list-based (like Mathematica), but

matrix-based (like ode15s in Matlab) to exploit semi-analytical
methods



4. The one that works: Decay production

[Konig, AM, Totzauer: JCAP 1611 (2016) 038]

* Our strategy:
o family of new variables:

o use a solver that is NOT list-based (like Mathematica), but
matrix-based (like ode15s in Matlab) to exploit semi-analytical
methods



5. Structure Formation

* OUR PROPOSAL (for stupid particle quys only):

Half-mode analysis [Kbnig, AM, Totzauer: JCAP 1611 (2016) 038]
¢ Linear power vaec!:rum with CLASS
-» www.class~codenet: Lesqourques & Tram
2 | | [AM, Schneider, SUT‘P?Z. %squaged)
10 { Totzauer: JCAP ransrer junction
| {1604 (2016)003) [

—_— la (<x>=0.62)
| == 13 (<x>=0.72)
105 H =+ 1y (<x>=0.62)

T T T =
X [p/T] 0.2L -_ :1Lﬂ :
INPUT: momentum e oW
distribution f(p,T) T R IT

k [h/Mpc]



- use half-mode crossing, instead of free

5. Structure Formation

skreaming: WORKS FOR ANY ‘DIST RIBUTION, NO

MAT T ER HOW NON-T HERMAL

P)/Pcpm(k)
o
>

CDM baselme

.

~

ROYGIN
~~

-

~,
03

-
~
~\

\

. Forbldden”

High—power region |

\
N v inconsistent with
‘V Lyman—a bound

-----------------------------------------------------------------------------------

| Half—mode decisive

x 04 \ A
% N
02! AN
- Lyman—a bound | NUR
-a la Matteo Viel Vo T
().();@mth?%:?’ keV . % -
0.1 1 10 100 1000
k [h/Mpc]

o
o0

P)/Pcpm(k)
o
(@)

1.0’ CDM baseline

.6+ Lyman—a bound

L )

~ High—power region

- consistent with \
1
1
\

| Half—mode decisive

x 04}
=
O'zLyman—a bound \
-a la Matteo Viel \
oo @mn=3.3keV N h
0.1 1 10 100 1000 104

k [h/Mpc]



Applied to Decay production

[Konig, AM, Totzauer: JCAP 1611 (2016) 038]

Lj-antpka Limiks on the two e.xample. pom!:s:

\} V\\
FIMP My,>3.3 ke WIMP
1.0 L 1.0
S} : X
0.8¢ MH\, " N\ 7 0.8
R0 keV P - |
:‘5: 0.6} cons. Ly-a \ \ res.Ly-a 5": 06+
= | '\ = |
< <
= I = i
= 0.4r mgs=60GeV = 04 ms=60GeV
L A=1 0—8.83 [ A= 0-6.86
0.2} y=10-8'00 0.2l Y=10—8‘69
- my=7.11keV - my=20keV
0.0 Lt S N 0.0 L S :
0.5 1 5 10 50 100 0.5 1 5 10 50 100
k [hMpc] k [W/Mpc]

-> both agree with conservative Ly-alpha bound
but violate restrictive one
(NB: thermal relic mass # physical mass!!!)



Applied to Decay production

[Konig, AM, Totzauer: JCAP 1611 (2016) 038]

° 10—6.0
Allowed regions ANES =60 Gov
from Ly-a data: s 4 EE
2. | |E
B, C|3 % T?(k) above half—mode:
\J = orbidden (cons.: mg,>2.2 ke
Coservabive % 10 . k e o
. \‘ allowed
Restrictive® = A\
CRd E L
8 N o
& Mm
C(DSQT‘VOJILVQ v/ i Z 10780 ) x & Qpml2e3o
Resbrickive ¢ - _#
10782 7.1keV
20keV
. 50keV+
C°S€rval:‘fve / 10—9.0 100keV P / - ‘\
. . DM/ <50 0\%
Restrictive v e
10~ 95 \6\6\
10—100 10—9.0 10~ 8.0 10—70 10—60 10—50

Higgs portal A




