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What is IGM?7  z=40

Agsorption in Quasar spectra
along the line of sight
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Oerservarle of the IGM
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Why should we care arout IGM7?

Flux is a Biased
tracer of the density:

F~bpg

Sensitive to fluctuations, alona the line-of-siaht, on scales ~ 0.1 — 10 Mpc/h
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Cold Dark Matter prorlems (7)

Atoms
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Cold Dark Matter (CDM):
heavy, non-interactive particle(s) — WIMPs
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Cold Dark Matter prorlems (7)

Atoms
Dark
4.6% Energy
711.4%

Dark
Matter
24%

Cold Dark Matter (CDM):
heavy, non-interactive particle(s) — WIMPs

CDM problems of small-scale physics:
e Missing satellites
e Core/Cusp problem
e ...
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Cold Dark Matter prorlems (?)

Atoms
Dark
4.6% Energy
711.4%

Dark
Matter
24%

Cold Dark Matter (CDM):
heavy, non-interactive particle(s) — WIMPs
— Alternative DM models

CDM problems of small-scale physics:
e Missing satellites (Warm DM, Fuzzy DM,
e Core/Cusp problem Self-interacting DM, ...)
e ...
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Where to ook for DM?

Dark Matter Mass [eV]
1072410721 1078 107 1072 107 107% 107% 10° 10° 105 10° 10%2

eV keV MeV GeV TeV

[Ultra-light axions DM
WIMP (?)

Ly«
Strong lensing
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Non-CDM erases small scale structure

Free-streaming of DM particles
(From the time they decouple
until they become non-relativistic)

de-Broglie wavelength
of ultra-light DM scalar

Typical Apg ~ Mpc/h

5 1 5
distance [Mpc/h]

mwpM ~ 2 — 3 keV
mepMm ~ 1 —10 x 10722 eV
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— ref — XQ:100
Cr=13 ——  HIRES/MIKE
‘Weukprivrs XQ.100 + HIRES/MIKE realistic’ thermal history:
— mppMm > 37
N}
conservative thermal history model:
—[mppy > 20 x 1072
VI, Viel, Haehnelt, Bolton, Becker (2011c)
0.0 0.2 ().4— 0.6 0.8

1/mwpy [keV™Y]

3¢ C. L. (Lyman-a forest)

'realistic’ thermal history:

—|mwpmMm > 5.3 keV @ 20

conservative thermal history model:

—|mwpmMm > 3.5 /@ 20

Fraction of DM

VI, Viel, Haehnekt, Bokton, et al. (20018)
m [eV]
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What do we measure?

Photon counts

Measured quantity:
redshift z

f=CF(1+6ép)+n

(Q0453-243 z=2.661
h=hy,, (1+2)

Aya=1215.67 A
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What do we measure?

Measured quantity:
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What do we measure?

Photon counts

Measured quantity:
+
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. observed flux absorptnon
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What do we measure?

redshift z
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Matter < Lywman-«

Matter Power spectrum Py, (k, z)
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Matter < Lyman-«

Matter Power spectrum Py, (k, z)

Wavelength A [h™' Mpc)
1000 100

Flux Power spectrum Pp(k, z)
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F(p,): Complex non-linear relationship

Flux fluctuations in Ly« forest trace matter density fluctuations

F = exp [-7(6)]
e Intergalactic medium (IGM) is mainly highly ionized hydrogen gas (Gunn & Petterson)
e UV photo-ionization in equilibrium with recombination

e Data & simulations suggest the state of IGM: 10 K and low densities 10™% em ™3

e Equation of state of the IGM can be approximately described by T' < p”
Highly nonlinear relation between flux and density

F = exp[~A(1+6)7]

But that is not all... Temperature 4+ peculiar velocity effects:

peculiar velocity shift

F('U) = exp |:—A(§; Qi) / ds (1 + 55(8))2 V(’U = &= ’U:,,(S
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Complex non-linear relationship

F(py)

—— HM2012 equilibrium, L20N128
HM?2012 non-equilibrium, L20N128
HM2012 non-equilibrium, L20N512
HM non-equilibrium, L10]
modifed HM1996 equilibrium, L20N128
+ modifed HV 2 non-equilibrium, L20N128
Becker etal. 2011, y— 1 non-eq.
Boera et al. 2014 recalibrated, 7— 1 non-eq.
Boera et al. i 1 non-eq. Petterson)
Becker et al. 20 e
Boera et al.
Bolton et
Bolton et al. | -3
Schaye et al. 2000 cm

redshift
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WDM mass constraints

Low-z data:

XQ-100 (3 < z

.
:fi J P i fL{»ﬂi f High-z data:
= ol - j_w,g: L‘fi’ff*%;, HIRES/MIKE (4.2 < z < 5.4)
- ‘_54/L*L’F‘#ﬁ?\i { :
A © XQ100 — bestfit T,

= MIKE o mwpy = 3 keV
4 HIRES

— sims —— XQ:100 + HIRES/MIKE
« T z-bins °  Becker+11y ~ 1.5

— XQ:100 ° Becker+11y = 1.3

To(z) is power-law - g HIRES/MIKE

— mywpMm > 5.3 keV @ 20

bounded -

— mywpM > 3.5 keV @ 20
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WDM mass constraints

* 3 Low-z data:

XQ-100 (3 < z < 4.2)

J/f ,i {é, {?——il‘} fjﬁﬂi‘”ﬁ High-z data:

R b , f
[ I B o r%r;,ﬂ{i 2 HIRES/MIKE (4.2 < z < 5.4)

107! —

T I

4"{*{' Ti 3

5.
*  XQ-100 —— best fit
= MIKE == mwpy = 3 keV
4 HIRES

— rnef —  XQ-100
Cr=13 ——  HIRES/MIKE

Weak priors ——  XQ:100 + HIRES/MIKE
To(z) is power-law -

— mwpm > 5.3 keV @ 20

).4 0.6 0.8 1.0
1/mwpy [keV~!]
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FDM mass constraints

4 HIRES

S L*ALH
10! ;//Tv———/m,ﬁ : *Lrir } { }
C et
< XQ100 —— bestfit }h\
= MIKE - mppy =10 x 1072 eV

To(z) is power-law -

— mrppMm > 3

—|\mrpM >
FDM + Quantum Pressure -

eV|Q 20

—|mppMm > 21.1 X 107
Nori, Mureaia, VI, Baldi, Viel (2018
Vid Irsi¢

Results later confirmed by independe

Yeche et al. 2017 (WDM)

Armengaud et al. 2017 (FDM)

Garzill et al. 2018 (WDM - v)

ref — XQ-100
Planck prior —— HIRES/MIKE
=== To z-bins —— XQ-100 + HIRES/MIKE
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k Pr(k)/x

How cold is too cold?
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How cold is too cold?

Simple model:
e instantaneous H reionisation at

- 8<z,<1l == 6<z4<9
— Robertson et al. (2015) 6<z4<8 e HI photo—heating, depends on
15 spectral index of UV intensity

e Compton cooling + adiabatic
expansion

(1) 110" X1

Dy

varying ¥, \‘\ McQuinn & Upton Sander’t:ack (2015),
0.0 | | | | \ Upton Sanderback et al. (2016)
== T,,=1x10'K — D'Aloisio et al. (2015)
- T4=3x10°K
_ 1.5+ — sims i Ty z-bins
M 2.0 t Becker+117y ~ 1.5 I mppy fixed
S Becker+11y = 1.3
o L5
- g
SH = [l
~
. ) < 1.0
varying Tpg.*, 05
0.0 L | I I
2 3 4 5 6 7 8 9
redshift
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How cold is too cold?

SER IR,

i/( L—QA‘L*_Q

Simple model:
e instantaneous H reionisation at

e HI photo—heatmg depends on
spectral index of UV intensity
app = 2
Compton cooling + adiabatic
expansion

To(z =5.0) = 8,200 K

e
4,
XQ-100 —— best fit
= MIKE - mppy =10 x 1072 eV

HIRES

Other things assumed:
e T fluctuations increase above

this temperature
He I and He II photo-heating
only increases the temperature
H II, He III recombination
cooling decreases temperature
by ~ few %

Planck ACDM Cosmology

Tre; = 10,000 K (more realistic
would be 20,000 K)

Vid Irsi¢

McQuinn & Upton Sanderback (2015),
Upton Sanderback et al. (2016)

sims
Becker+11y ~ 1.5
Becker+11y = 1.3

I
I

T, z-bins
myp\ fixed

IGM & DM
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How cold is too cold?

SER IR,

i/( L—QA‘L*_Q

¥ T i
4,
XQ-100 —— best fit
=  MIKE - mppy =10 x 1072 eV

HIRES

Simple model:

e instantaneous H reionisation at
=15

. HI photo—heatmg depends on

spectral index of UV intensity
2=5.0 Qi =2

Compton cooling + adiabatic
expansion

To(z =5.0) = 6,900 K

2=36 McQuinn & Upton Sanderback (2015),

Upton Sanderback et al. (2016)

Other things assumed:
e T fluctuations increase above

this temperature
He I and He II photo-heating
only increases the temperature
H II, He III recombination
cooling decreases temperature
by ~ few %

Planck ACDM Cosmology

Tre; = 10,000 K (more realistic
would be 20,000 K)
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How cold is too cold?
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e instantaneous H reionisation at
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Overlappina constraints with different prores

T

3¢ C.L. (Lyman-« forest)

20 C. L. (Lyman-« forest)
”solution” to missing satellite
Neyp = 60 (Mpalo = 1012Me, /1)
Naub = 60 (Mpa1o = 3-1022M, /1)

with T. Koeayashi
(SISSAY
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General non-CDM models

P, y
General transfer function for DM: T(k) = 4 | —2BM — (14 (@k)?]”,
Pcom

E.a for thermal WDM: B =2.24, v = —4.46, o ox 0.049 (

=== MwpMm

=== Mwpm

=== mypy =4keV

k [h/Mpc]

Vid Irsi¢ IGM & DM

MWDM
1 keV

1
h~! Mpc

with R. Muraia
(SISSAY
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Constraints on the shape of the N"CDM T (k)

X thermal WDM | o Mpe/h]] 8] 5 ]
. . Neutrinos 0.025 23| —26
*  neutrinos from resonant production o
neutrinos from particle decay from [_H_J' ! 23| —10
fuzzy DM resonant 0.038 23| —4.4
ETHyOS production 0.035 21| —1.5
Neutrinos 0.016 26| —81
from 0.011 2.7| -8.5
particle 0.019 25| —6.9
_2 decay 0.011 2.7 -9.8
0.16 3.2 —04
- —4 Mixed 020 |37| —0.18
-6 models 0.21 3.7 —0.1
0.21 3.4 | —0.053
-8 0054 |54] —23
4 Fuzzy 0.040 |54| —21
: DM 0.030 5.5 -1.9
__008F | 0.022 |5.6| -1.7
= I —

S 0060 | 0.0072 | L1]| —9.9
o9 1 ETHOS 0.013 [2.1| —9.3
20'04 * models 0.014 2.9 —10.0
= " ) : :

0.02 0.016 [34| —9.3

0.02 0.04 0.06 0.08
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What next?

With conservative thermal history:

mwpm > 2.1 keéV (20) (HIRES/MIKE) — mwpy > (20) (HIRES/MIKE +
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What next?

With conservative thermal history:

mwpm > 2.1 kéV (20) (HIRES/MIKE) — mwpy > (20) (HIRES/MIKE +

DESI (14,000 sq. deg.) ~ 25 QSO spectra at z > 4.0 (and m < 18.5)
SkyMapper (17,200 sq. deg.) ~ 30 QSO spectra at z > 4.0 (and m < 18.5)
LSST (30,000 sq. deg.) ~ 55 QSO spectra at z > 4.0 (and m < 18.5)
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What next?

With conservative thermal history:

mwpm > 2.1 kéV (20) (HIRES/MIKE) — mwpy > (20) (HIRES/MIKE +

QSO LF
Manti et al. 2016

DESI (14,000 sq. deg.) ~ 25 QSO spectra at z > 4.0 (and m < 18.5)
SkyMapper (17,200 sq. deg.) ~ 30 QSO spectra at z > 4.0 (and m < 18.5)
LSST (30,000 sq. deg.) ~ 55 QSO spectra at z > 4.0 (and m < 18.5)

~ 8h exposure time
© Keck HIRES
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DESI (14,000 sq. deg.) ~ 25 QSO spectra at z > 4.0 (and m < 18.5)
SkyMapper (17,200 sq. deg.) ~ 30 QSO spectra at z > 4.0 (and m < 18.5)
LSST (30,000 sq. deg.) ~ 55 QSO spectra at z > 4.0 (and m < 18.5)
~ 8h exposure time
— high-z (4 < z < 6) QSOs in @ Keck HIRES

with — QSOs

How much do we @ain?
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Simple forecast

With conservative thermal history:

mwpm > 2.1 keV (20) (HIRES/MIKE) — mwpwy > 3.5 keV (207) (HIRES/MIKE + XQ-100)

— M100

M1000

. MWDM > 2.3 keV

: mwpwMm > 3.3 keV

: mwpwMm > 4.6 keV

: mwpwMm > 14.7 keV
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Conclusions

Lyman-a forest is a uniQue proee of the IGM (in Both redshift ranae and small
scales access)

R orust constraints on DM models (ea. WDM, FDM)

WDM/EDM mass values £rom ‘local” Universe leads to unphysically small high-z
temperature

WDM/EDM parameter space areatly constrained: it is hard 1o solve missing
satellite proelem and satisfy Lya constraints

Possigility to study DM model extensions (ea. Quantum Pressure for FDM,

production mechanisms of WDM)

S—taﬁiztieally dominated at high-z — need more high Quality QSO sightlines
z> 4.

Vid Irsi¢ IGM & DM @Reykjavik 19 /19



WDM 2 keV
ACDM cold

0.01 0.01
k (s/km) k (sfkm)
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thermal —— mwpu = 2.5 keV
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VZW,Z=2
Hot halo

log p/p
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N
ilbrium, L20N1

8
redshift

1 E HM2012 eq., L2ON12

\ HM2012 o
031 (An) HM2012 non
HM2012

M
Bolton et al. 2014

redshift
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I XQ-100 XQ-100 + HIRES/MIKE
I HIRES/MIKE

0 0.15 0.20
Aj(2=4.2) [e. Mpc/h]
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HRESMIKE
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Hm XQ-100
I HIRES/MIKE
I XQ-100 + HIRES/MIKE
XQ-100 + HIRES/MIKE + double powerlaw

A
1

|das, |
75 0.60 0.750.90 1.05 -24 -2, .0 0.250.50 0.75 1.00
Nefs eV/mypy
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Pp(k)/Ppes(k)

Proerlem of different smoothing scales

®

12 —— ACDM cold

- 1.6 ACDM hot
5.0 —— mwpy = 2 keV
5.4 TWDM 4 keV
03 0.006 0.01 0.03 0.06
k [km™1s)

DM and thermal smoothing:

different redshift dependence
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different scale dependence

———thiermal mwpy = 2.5 keV
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Filtering T
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R_edshift evolution rreaks the deceneracies

MWDM; Zrei
different scale/redshift dependence
< e — HEM 10 z-bins —
£038 s P -bi
= : 060L M 3z-bins ]
506
— ad = 045} =
0.4 16 1 p
50 —— mwoy = 2 keV =
5.4 mwpy = 4 keV
Y 5 : E 0.30
07003 0.006  0.01 0.03 0.06
k k'] >
[
4
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Why should we care arout IGM7?

Flux is a Biased
tracer of the density:

F~bpg

Sensitive to fluctuations, alona the line-of-siaht, on scales ~ 0.1 — 10 Mpc/h
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Why should we care arout IGM7?

Flux is a Biased
tracer of the density:

F~bpg
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Why should we care arout IGM7?

Flux is a Biased
tracer of the density:

F~bpg+ by Vuy

Sensitive to density fluctuations, alona the line-of-siaht, on
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Effect of Hl reionization

10 cMpc/h 1 ¢cMpc/h 0.1 cMpc/h

z=5

— patchy reionization

— homogeneous UVB

1072 100

Puchwein et al. 2019, in prep.
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