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The Inter-Galactic Medium (IGM) (1)

Inter-Galactic Medium (IGM): baryonic (gaseous) matter that lies in form of
filaments between galaxies, rather than in collapsed objects.

o
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Its main manifestation is the Lyman-« forest, i.e. the absorption pattern of
Lyman-a photons from distant quasars.

At redshift z=3, ~ 80% of baryons are in the Lyman-« forest. They are a
tracer for the underlying Dark Matter (DM) field.
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The Inter-Galactic Medium (IGM) (I1)
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Figure 1: Cartoon showing the ionization and thermal history of intergalactic gas. The red
curves show a model of intergalactic gas. Error bars symbolize existing constraints, and
the highlighted regions illustrate the potential purview of the named cosmological probe.
In the temperature panel, the model curve bifurcates at low redshifts to indicate the IGM
temperature becoming multiphase.

McQuinn (2016) 1512.00086
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The Lyman-« forest (1)
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McQuinn (2016) 1512.00086
The forest corresponds to the absorption by the intergalactic neutral hydrogen (HI) along
the quasar’s line of sight = The “trees” are highly photoionized filaments resulting from
cosmic structure formation in a DM gravitationally dominated universe.
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The Lyman-« forest (I1)

Lyman-ca limits

Potential issues Primordial Black Hole:

BOSS/SDSS-lII
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Low resolution BOSS
and SDSS-III spectra
S/N~2-3 = 160,000
spectra

Used to detect BAOs at
z=2.3 and correlations

in the transverse
direction
Used to place
stringent constraints
on neutrino masses
<0.12 ev

Busca+13, Slosar+14
Palanque-Delabrouille+15
Seljak+06, Baur+16, Yeche+17
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Medium resolution X-
Shooter VLT spectra
S/N -~ 30

100 spectra at z>3.5

Used to place
stringent constraints
on Warm Dark Matter in
combination with high
res. spectra

Irsic, MV+ 17a,17b
Lopez+16, Irsic+16

rieste) ma

High resolution VLT

or Keck spectra S/N
~100 - ~hundreds of
spectra

Used for WDM,
astrophysics of the
IGM and galaxy
formatien, wvariation
of fundamental
constants

MV+05,08,13

Courtesy of Matteo Viel
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The Flux Power Spectrum

Given the transmitted Lyman-a flux F and its mean (F), one can define:

F—(F)
0F = ,
(F)
and use it to determine the so-called 1D flux power spectrum:
Pr (k) = b*(k)Pip (k) with  Pip(k) = 2i/ dk'k' Psp(k'),
T Jk

4

very sensitive to the smallest scales

4

ideal tool for testing non-standard DM scenarios!

However, it (non-trivially) depends on both astrophysics and cosmology
(e.g., IGM temperature, reionization redshift, fluctuation in the UV background, observed (F), ...)

4

Full hydrodynamical simulations are needed to quantify and disentangle different effects

Riccardo Murgia (SISSA & INFN, Trieste) Lyman-c« forest constraints on Dark Matter



The IGM as a cosmological tool A new & a Particle Physics man-o Potential issues Primordial Black Holes

“Non-Cold" Dark Matter (nCDM)

CDM <= velocity dispersion so small that the corresponding free-streaming
length \gs is negligible for cosmological structure formation

nCDM <= suppression of the matter power spectrum P(k) on scales smaller
than its free-streaming length, which is NON-negligible for
structure formation (Ags &~ Mpc)

The small-scale suppression is described by the so-called transfer function T (k):

0= e |

i.e. the square root of the ratio of the power spectrum in the presence of nCDM
with respect to that in the presence of standard CDM only

DIFFERENT nCDM SCENARIOS

4

DIFFERENT SHAPES OF THE POWER SUPPRESSION (i.e. of T(k))
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Thermal Warm Dark Matter (WDM): the standard approach

Thermal WDM ¢> DM candidates with a thermal momentum distribution

4

Very specific shape of the power suppression
(i.e. of the transfer function T(k))

The transfer function is well described by:

T(k) = [L+ (k)] 7%/

with:

v=112; 0.8

m. —1.11 Q 0.11 h 1.22 06l
a = 0.049 x 2 — h™*Mpc
1 keV 0.25 0.7 e

g
U/ 0.4
one-to-one Correspondence 02
o <> MyDM
0.0 5 T 5
10 10 10
k (h/Mpc)

Bode et al. (2001)
Viel et al. (2005)
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The IGM as a cosmological tool

Lyman-« forest constraints on Thermal WDM

E XQ-100
W HIRES/MIKE
W XQ-100 + HIRES/MIKE
XQ-100 + HIRES/MIKE + double powerlaw

Irsic+17
1702.01764
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Analogously, by running dedicated
hydrodinamical simulations,
constraints on other specific class of
models can be put, e.g.

Baur+17 1706.03118
(cold+plus warm DM)
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A new & general approach

A new & general approach: method and parametrisation (1)

1'0 - mWDMI:zI‘EV ]
=== mypy =3keV
—== mppym =4keV
0.8+ Transfer function
= describing the small-scale
= power suppression:
a
0.6+ 1 P(k)n
o T2(k): [ ( ) CDM:|
g P(k)cpm
=
= 04r
Q
Q
[y
0.2F
non cold &
(non) thermal
0 01 5 10 40

k [h/Mpc]

Standard approach New general approach
T(k)=[1+ (ak)*]" = T(k) = [1+ (ak)?]

RM,Merle,Viel, Totzauer,Schneider, 2017, JCAP 1711 046 [arXiv:1704.07838]

Riccardo Murgia (SISSA & INFN, Trieste) Lyman-c« forest constraints on Dark Matter



s a cosmological tool A new & general approach Particle Physics man-o 3 Potential issues Primordial Black Hole:

A new & general approach: method and parametrisation (I1)

Standard approach New general approach

T(k)=[1+ (ak)*]®" = T(k) =[1+ (ak)?]”
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A new & general approach: method and parametrisation (I1)

Standard approach New general approach

T(k)=[1+ (ak)*]®" = T(k) =[1+ (ak)?]”

Tz(k){ 0.5 T2(k) = 0.5
kija = ((0.5)7%/% — 1)t/2)q kija = ((0.5)/% — 1)¥/F)a !
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A new & general approach: method and parametrisation (I1)

Standard approach New general approach

T(k)=[1+ (ak)*]®" = T(k) =[1+ (ak)?]”

Tz(k){ 0.5 T2(k) = 0.5
ki = ((0.5)7/* — 1)/ ) kija = ((0.5)/% — 1)¥/F)a !

— constraints on mwpwm (or ki/2) are
mapped into 3D surfaces in the

{Ol, 67 FY}_Space

— one-to-one correspondence
Q@ < MWDM <> k1/2

’ ’
mypm = 2 keV «— k1/2 = 14.323 h/Mpc o
0.10

mypm = 3 keV +— ki'/p = 22.463 h/Mpc alMpery oo

"

miypm = 4 keV «— k)5 = 30.914 h/Mpc
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Connection with particle physics models

Being able to reproduce a large variety of shapes in the suppression of the matter
power spectrum, our general parametrisation accurately describes the most popular
non-thermal DM scenarios provided by theoretical particle physics:

RM,Merle,Viel, Totzauer,Schneider, 2017, JCAP 1711 046 [arXiv:1704.07838]
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Particle Physics Lyman-c limits

Potential issues Primordial Black Hole:

Connection with particle physics models

Being able to reproduce a large variety of shapes in the suppression of the matter
power spectrum, our general parametrisation accurately describes the most popular
non-thermal DM scenarios provided by theoretical particle physics:

RM,Merle,Viel, Totzauer,Schneider, 2017, JCAP 1711 046 [arXiv:1704.07838]
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Connection with particle physics models

Being able to reproduce a large variety of shapes in the suppression of the matter
power spectrum, our general parametrisation accurately describes the most popular
non-thermal DM scenarios provided by theoretical particle physics:

RM,Merle,Viel, Totzauer,Schneider, 2017, JCAP 1711 046 [arXiv:1704.07838]

Scalar decay: Transfer functions Notation:
@ [Mpc/h]
B

— Sterile neutrinos by resonant
production

Y

— Sterile neutrinos from particle
decay production

T(k)

k [h/Mpc]
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Connection with particle physics models

Being able to reproduce a large variety of shapes in the suppression of the matter
power spectrum, our general parametrisation accurately describes the most popular
non-thermal DM scenarios provided by theoretical particle physics:

RM,Merle,Viel, Totzauer,Schneider, 2017, JCAP 1711 046 [arXiv:1704.07838]

Mixed DM: Transfer functions Notation:
@ [Mpc/h]
N B

Y

— Sterile neutrinos by resonant 10
production

—— CLASS
08 T (a.By)-fits
— Sterile neutrinos from particle

decay production

T(k)

— Mixed (cold + warm) DM

ool 404550 55606570
457 510 50100
k [h/Mpc]
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Connection with particle physics models

Being able to reproduce a large variety of shapes in the suppression of the matter
power spectrum, our general parametrisation accurately describes the most popular
non-thermal DM scenarios provided by theoretical particle physics:

RM,Merle,Viel, Totzauer,Schneider, 2017, JCAP 1711 046 [arXiv:1704.07838]

. . Fuzzy i)M: Transfer funé:tions ' Notation:
— Sterile neutrinos by resonant 1.0 . o Mol
production \
axionCAMB \
. . . 0.8} yrea
— Sterile neutrinos from particle @~ | - (@,By)-fits
decay production
__0.6[0.80
~2
— Mixed (cold + warm) DM =
0.75 \
0.4}
— Fuzzy DM 070 ‘
021965} 1 |
00152025 30 3 WA
05 1 510 50

k [h/Mpc]
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Particle Physics

Connection with particle physics models

Potential issues

Primord

Being able to reproduce a large variety of shapes in the suppression of the matter

power spectrum, our general parametrisation accurately describes the most popular

non-thermal DM scenarios provided by theoretical particle physics:
RM,Merle,Viel, Totzauer,Schneider, 2017, JCAP 1711 046 [arXiv:1704.07838]

Sterile neutrinos by resonant
production

Sterile neutrinos from particle
decay production

Mixed (cold + warm) DM
Fuzzy DM
Effective THeory Of Structure

formation (ETHOS)"

* Vogelsberger et al. (2015), Cyr-Racine et al. (2015)
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Hydrodynamical simulations (1)

o We modified the numerical code 2LPTic’, which generates initial conditions (ICs) for
cosmological simulations, by implementing the new transfer function: now it takes as
inputs {«, 3,7} instead of mwpwm, and it computes the corresponding T (k) with the
new, general fitting formula

1.0 107
Transfer Initial power spectra
functions (atz=99)
0.8 105
06
= <10°°
g &
0.4
1077 .
-- ACDM (2lpt)
0.2 ses ACDM (CLASS)
——— mup =2 keV (thermal) - mypy =2 keV (thermal)
=== mypy = 4 keV (thermal) 1078} -- mwpum =4 keV (thermal)
0.01 5 10 10 30 50 80
k [h/Mpc] k [h/Mpc]

@ We used these initial conditions for building a grid of hydrodynamical simulations
efficiently sampling the {q, 8, v}-space, performed with GADGET-3? (512° particles in
a 20 Mpc/h box, up to redshift z = 2).
Crocce et al. (2006)

2Springel et al. (2000), Springel (2005)
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Hydrodynamical simulations (I1)

-

Hydrogen emission
/ from quasar

Hydrogen
absorption

|, |I—

4000 5000 6000
Observed Wavelength [Angstroems]

@ The goal is to confront our set of simulations against structure formation data, in
order to put constraints on «,  and
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Intervening
gas

' Hydrogen emission
/ from quasar

Hydrogen
absorption

4000 5000 6000
Observed Wavelength [Angstroems]

@ The goal is to confront our set of simulations against structure formation data, in
order to put constraints on «,  and

@ From each simulation, we extract the 1D flux power spectrum Pr(k, z), which is
the physical observable for Lyman-« forest experiments.

P (k Z,, | .' F(Z) Tl(:M( ) 08, Zreios Neff, flj\*')
-I—Inv - - 4
non-standard DM astrophysical cosmological
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Constraints from Lyman-« forest data on {«,

We performed a Monte Carlo Markov Chain (MCMC) analysis of the high resolution and high-z
MIKE-HIRES Lyman-a data, and extract absolute constraints on {a, 8,7}

RM, Viel,Ir3i¢, 2018, PRD 98 8 083540 [arXiv:1806.08371]

X  thermal WDM

Constraint on the SHAPE of
the power suppression

—2F
4}
-
e}
T a < 0.03 Mpc/h
008 (20 C.L.)
S 006
g Constraint on the SCALE of
= 0.04 N
=5 the power suppression
0.02

-8 —6 —4 -2 0.02 0.04 0.06 0.08
B Y »[Mpe/]
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Constraints from Lyman-« forest data on {«,

We performed a Monte Carlo Markov Chain (MCMC) analysis of the high resolution and high-z
MIKE-HIRES Lyman-« data, and extract absolute constraints on {«, 8,7}

RM,Viel,Irsi¢, 2018, PRD 98 8 083540 [arXiv:1806.08371]

thermal WDM

neutrinos from resonant production

neutrinos from particle decay

fuzzy DM Constraint on the SHAPE of
ETHOS the power suppression

>+ x % X

-2
4l J
?\ \
_6- :
_8f ,;‘\
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oos | (20 C.L.)
= *
S o006} |
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Lyman-c limits

Dark Matter — Dark Radiation interaction models

= Planck
= Planck + Lyalpha (abg)
== Planck LCDM
PRELIMINARY
v Significant tightening of
£ oars the limit on the DM-DR
- interaction strength
7
DM - Dark Radiation
1 interaction models
5
osu ‘ NEW MontePython
2 0w LIKELIHOOD based
. on {alpha,beta,gamma}

Archidiacono,Hooper,Lesgourgues,RM,Viel, in prep. [arXiv:19xx.xxxx]
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Summing up...

MY LINEAR
P(K) IN TERM
OF oLB.y?

IF YES...

...no need to run numerical simulations for testing the corresponding nCDM model
with Lyman-a!

Riccardo Murgia (SISSA & INFN, Trieste) Lyman-ca forest constraints on Dark Matter
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Summing up...

MY LINEAR
P(K) IN TERM
OF oLB.y?

IF YES...

...no need to run numerical simulations for testing the corresponding nCDM model
with Lyman-a!

OK, but how can | sistematically explore the DM particle parameter space?

Riccardo Murgia (SISSA & INFN, Trieste) Lyman-ca forest constraints on Dark Matter



Lyman-a limits

Summing up...

MY LINEAR
P(K) IN TERMS,
OF oLB.y?

IF YES...

...no need to run numerical simulations for testing the corresponding nCDM model
with Lyman-a!
OK, but how can | sistematically explore the DM particle parameter space?

Through a new MontePython likelihood, which translates the {a, 8, v}-limits to
constraints on the fundamental DM scenario

Riccardo Murgia (SISSA & INFN, Trieste) Lyman-ca forest constraints on Dark Matter
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Potential issues

1) Can we safely approximate the nCDM dynamics as standard,
collisionless CDM during the non-linear structure evolution?
(e.g., for fuzzy DM models)

Nori,RM, Ir3iE,Baldi,Viel, 2018, MNRAS 482 3 [arXiv:1809.09619]

2) Can we safely neglect small-scale oscillations in the initial
power spectra?
(e.g., in ETHOS models)

Archidiacono,Hooper,Lesgourgues,RM,Viel, in prep. [arXiv:19xx.xxxx]

3) Can we fit nCDM scenarios featuring a plateau in the transfer
function?
(e.g., models with a nCDM fraction f,cpm < 100%)

Riccardo Murgia (SISSA & INFN, Trieste) Lyman-c« forest constraints on Dark Matter
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First potential issue: fuzzy DM dynamics (AX-GADGET)

—— FDM noQP

marginalised —— FDM
2sigma limits

~ GADGET
(i.e. collisionless DM)

AX-GADGET
(Nori&Baldi18)

Probability distribution

1077 1072 1071

1 10%/eV]
Ultra-light axion mass

QP\Quantum Pressure implemented in the non-linear
dynamics (i.e. in AX-GADGET)

Nori,RM, Ir3i¢,Baldi,Viel, 2018, MNRAS 482 3 [arXiv:1809.09619]
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Potential issues

First potential issue: fuzzy DM dynamics (if frpy < 100%)

[ 3¢ C.L. (Lyman-x forest)

[ 2¢ C.L. (Lyman-a forest)

“solution” to missing satellite 1
/

The small fraction & small mass regin,'ré is

0.8f
worthy of being re-studied with AX-GZADGET
(i.e. including QP in the non-linear dynamics)
-

1.0

0.6

0.4

1020

FDM o

fraction
10—21

0y
G
Ultra-light axion mass

Kobayashi,RM,De Simone,lrsi¢,Viel, 2017, PRD 96 12 123514 [arXiv:1708.00015]
Lyman-c forest constraints on Dark Matter
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Second potential issue: small-scale oscillations (1)

1.0 z=54
N 3 - =023 =343 7=-10
1.0 \ —ee- a=0078; p=35; : =10 1
- &= 0023 f =343 7 = —10
. 0.8 —
= = 08
= =
3 3
O 0.6r Qu.
& =06
= =
0.4r
Z Z 04
2 N
A L
0.2r 0.2
—— “exact” T(K) from class
e {w By )it ]
00 100 10" e 00 101
k [h/Mpc] k [h/Mpc]

a=0.23; =343, v=-10;
a=0.078; =35 v=-10; /]\ DM-Dark Radiation interaction strength
a=0.023; =343, v=-10

RM, Viel,Ir3i¢, 2018, PRD 98 8 083540 [arXiv:1806.08371]
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Second potential issue: small-scale oscillations (I1)

100.

kPr(k)/ 7

N
I
P
(=)]

A HIRES
B MIKE
---- from {a, §, 7 }-interpolation
—— from “exact” simulation

-------- from {w, B, }-simulation
== best fit

20 regions for a

1071.

1072 107!
k [s/km]

RM,Viel,Irsi¢, 2018, PRD 98 8 083540 [arXiv:1806.08371]
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Third potential issue: f,cpym < 100%

Potential issues

T(k) = [1+(ak)’]

= T(k) = (1=0)-[L+(ak)?] 15045

A better parameterization for fitting power suppressions featuring a plateau!

1.0

0.8 1

0.6 1

Tik)

0.4+

0.2

0.0

10t
k [h/Mpc]

PRELIMINARY

T
10°
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M as a cosmological tool : general approach

Particle Physics

Lyman-cv limits Potential issues Primordial Black Holes

Primordial Black Holes (PBHs) as Dark Matter (1)

RM,Scelfo,Viel,Raccanelli, 2019 [arXiv:1903.10509]

Assuming that PBHs are randomly distributed,
their number follows a Poisson distribution, and each
wavenumber k can be associated to an overdensity
opeu(k), due to Poisson noise. The PBH contribution
to the power spectrum is thus defined as

1
Prgn(k) = (|oppa(k)|®) = —, (1)
npBH
where npgy is the comoving PBH number density, i.e.
_ QpmperfeBH
NPBH = Mosn (2)

Hence, the CDM power spectrum can be written as:
Peow(k 2) = D*@) (T4(0Pw + T2 (0Pwo) . (3)

where D(z) is the growth factor, Pi, is the isocurva-
ture power spectrum, and P,y « Agk™ is the primor-
dial adiabatic power spectrum. Tyq and Tis, are the adi-
abatic and isocurvature transfer functions, respectively
(see, e.g., [56] for their analytic expressions). The PBH
linear power spectrum is thus defined by:

2712 kMol
_Aiso (_) ’ (4)

Piso = fopuPreu = = T

In our framework, the effect on the linear matter power
spectrum due to the presence of isocurvature modes con-
sists of a power enhancement with respect to the standard
ACDM spectrum, in the form of a small-scale plateau. As
a straightforward consequence of Equation (1), the larger
is the PBH mass, the stronger is the small-scale power:

enhancement.
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general approach

The IGM as a cosmological tool

Primordial Black Holes (PBHs) as Dark Matter (I1)

—_—
Non-Linear - gcales covered by Lyman-alpha forest data

PBHs = POwer enhancement at small cosmological scales
with respect to standard LCDM, due to Poisson noise

=== Linear
] — 1D Flux

e Mpgi = 102M
mmmm Mppy = lU‘me

100
the larger the PBH mass,
the larger the increase of small-scale power

g

60

100(PppgH — Prcom)/Pncom

20
10!

0
10°
k[h/Mpc]
RM,Scelfo,Viel,Raccanelli, 2019 [arXiv:1903.10509]
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Primordial Black Holes (PBHs) as Dark Matter (lll)

i[10%K]

log(Mpei fren)

I Flat prior on 2,
Ml Gaussian prior on Zwio

MpgH feeH = 170 Mo (207)

_ Mpgn fosn < 60 Mg (20)

~ 3 orders of magnitude
improvement of the
previous limits
by Afshordi+03

12 16 0 12 08 16 24
[10°K] Zreio log( My frsr )

016 020 024 8

04 Y)‘
F(z =50) T
RM,Scelfo,Viel,Raccanelli, 2019 [arXiv:1903.10509]
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Thanks for the attention!

Gratzias meda po s’attentzioni!
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M as a cosmological tool

Reproducing the previous thermal WDM limits

N rsic+17 . Irsic+17
B Ty-power law” analysis “Ty-free” analysis (flat priors)
BB "Ti-free” analysis (gaussian priors)

A
06 09 12 15 04 08

| |
To 02 14 16 OH 0 0F 0w T 052 03 040 > 2
74 KeV/mywom F(z=42) To(z = 4.2) To(z = 5.4)

keV /nmwpm

0704 06
keV/mwpm

025 052 036 040 04 0342 15
F(z =42) I

Irsic+17: mwpwm > 4.1 keV (20) Irsic+17: mwpwm > 2.1 keV (20)
RM+18: mwpm > 3.6 keV (20) RM+18: mwpwm > 2.7 keV (mwpwm > 2.2 keV) (20)
RM,Viel,Irsi¢, 2018, PRD 98 8 083540 [arXiv:1806.08371]
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Interpolation scheme & MCMC sampler

1) Accurate interpolation method for estimating the expected flux power spectrum in
any {a, 8,v}-point sampling the volume embraced by the sparse, non-regular grid of

simulations
Ordinary Kriging method = Pr(k, z, {a, 8,7}) = 21y \iPe(k, 2, {a, B,7}1)
with:
_ _ D({a, B} BTt
jN:1 D({O!, Bv ’Y}Jv {a7 Bv ’Y})_l
ZiN:l Ar=1
D({a7 187 ’7}/’ {a’ 57 7}) = ([(a;wrm - anorm)2 + (IBIIwrm - 6"0"71)2 + (Vllwrm - 'Y"OF'T')Q]I/2 + 6)5;

£E=5;, e= 107%  anorm = L,
Qmax — ®min
2) Comprehensive Monte Carlo Markov Chain (MCMC) analyses of the Lyman-« forest
data, in order to extract absolute constraints on {«, 3,~} easily translatable to
bounds on the fundamental nCDM properties (emcee sampler®)

3http://dfm.io/emcee/current/
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