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The Observable Universe




The Cosmic UV Backgrounﬂ\
Why do we care?

 Responsible for the Reionize
the Intergalactic Medium (IGM)
& for sustaining its high ionization
state up ent time

* Regulates temperature of the IGM

* Regulates gas accretion from the IGM
to galaxies, therefore relevant to early
galaxy evolution .



The Cosmic UV Background

How to detect it?

Angle-average monochromatic intensity

Photoionization rate of neutral hydrogen

\ Hydrogen photoionization cross section
=J o, ,dv
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The Cosmic UV Background

How to detect it?
*J o, dv
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Estudying properties of the
Lya forest

\ Y/

Lya absorption features
from the Cosmic Web

Lya transmission in the
proximity of quasars

Solving the radiative
transfer equation




How to detect the UVB?

Lya emission

Increasing orbital quantum number

3d

2S

Increasing energy

Lya

cascades resulting in Lya

1s =  emmm———a cascades not resulting in Lya




How to detect the UVB?

Fluorescent Lya emission

Lyman-Limit System (LLS):
Ny > 1012 em™ (57, > 1)
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How to detect the UVB?

Fluorescent Lya emission

) QSO fluorescence Lya z=3

log(SB)
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UVB " UVB fluorescence

Expected Lya surface brightness (SB) for UVB fluorescence
~10-20 erg/s/cm?/arcsec? (z=3.5)

Stacking is currently required




How to detect thetUVB via

Valid only forisingle LLS

SBrLya =~ 1.84 x 10 *Tergs™ " cm™ > arcsec”?
['ar T 1 —4
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fr.ns X I'nr = SBrya,obs X

e covering fraction of Lyman limit systems

FHI,model

SBLya,model
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Chosen model
Haardt & Madau 2012
(HM12)



New method to constrain the UVB

*Based on fluorescent Lya emission

xIndependent of previous methods

xDepends weakly on the UVB spectral shape

xStacking around “normal” galaxies on deep observations

*Requires knowing the distribution of LLS around galaxies
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Observations
MUSE Integral Field Spectrograph

Lya redshift range:
2.9<z2<06.6

Voxel size:
0.2"x02"x1.25A

ARZ=3.5,

~1.5 kpc x 1.5 kpc x 120 kpc (60 km/s)

Field of View:

1x1 arcmin?

VLT @ Paranal

A\
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Observations
MUSE Ultra Deep Field

LAE redshift distribution
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Observations

Subcube extraction & stacking

UDF 412 z 4.14

 Subcubes of 40” x 40" x 125 A

* Centered on the 3D peak of the Lya emission &

 Background truncated after 20” and 12.5 A

from the center for each subcube

» Stacking using average 3o clipping algorithm
for each voxel
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Simulations

Why are they necessary?

 |ack of observational constraints on f. s at z>3

 Some cosmological simulations can produce a gas density distribution
within the IGM and around realistic galaxies

» Mock cubes similar to real data can be produced and compared with other
observational results
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Simulations

Mock cube generation

select simulation

EAGLE
Recal-L0025N0752
25 cMpc3

Convert to LLS

BReEy 4 covering fraction:

Ny >1017.5 = 1
EEEE folisl (TLL>2)

Lo

particle to grid
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Line of sight (LoS)

1.25A

NHhi

colapse one direction to
obtain a column density

e LA

NH]

caculate H neutral density for
equilibrium:

ny1 I'ror = aa ne g1,

I'ror = I'bhot + 1 cols
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Simulations

Constraining fiLs Column density distribution

N EAGLE
6 \:%\i_\\ - - z=5.97
—1671 N z=>5.49
Number of LLSs per unit redshift T 2=5.04
] 7 \il\j':‘\ z=4.49
: ; e o O_ﬂ ~18- \\\g%_;\:Tl\_\ z=3.98
3.0- e RO "ro- z=3.53
| QM R PO z=3.02
. -f E; o *‘:%\}:;\\ R b z=2.48
~ 1.0- ® H,,d%#_ﬂ‘ ’ é \1\\\:‘|T
A + ---- Crighton+19 fit = «_|7
E : : —-—  Prochaska+ 10 fit 2 “\~ig\;:‘-_—|—
<03l 7 B Ribaudo+11 T -22- -
| A Fumagalli+13 RNE
a ¢ Crighton+19 #:
0.1- @ Rahmati+15 s \\‘*,%
' o This work Peroux+05 1.78 <z< 3.5 L
| | | , | | +  Peroux+05 3.5<z<5.0 :\:\Jﬁr
0 1 2 3 4 5 6 + Rudie+132.0<z<2.8 {
z — 26 Noterdaeme+12 (z=2.5) \ ‘H

16 17 18 19 20 21 22
Gallego+2021 |0910(NH|)[Cm_2]



Simulations

Stacked fLLs radial profiles around star-forming galaxies
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Simulations

LLS covering fraction radial profiles

(fros— <fLLS>)/<fLLs>
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Simulations

LLS covering fraction radial profiles

(fros— <fLLs>)/ <fLLs>
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Results

Stacked spectra

SBiyo [107%%ergs~tcm™2arcsec™2A!]

SBlyo [1072%ergs~tcm~2arcsec?A1]

1"<r<

2II

N
1

w
1

N
1

1

o
1
2

—4000 —3000 —2000

1000 O

1000

2000

3000 4000

4"<r<6"
e ] B
| B
0.1 4‘\ \ | /\
ox)"oqf\ \ I"’V\ 4'\J’afk\d“' "

—4000 —3000 —-2000 —1000 O

vikms

_1-|

1000

2000

3000 4000

0.8 1
0.6
0.4 -
0.2 1
0.0 -

—0.2 A
—4000 -3000 -2000 -1000

0.15 A
0.10 1

0.05 A

0.00

—0.05 1

—0.10

—4000 —3000 —2000 —1000

2Il<r<4ll

| \“Jﬁ&‘hﬂ!¢4;h41)

I\
D\
\/\—\]} V'

— 2z=59

— z=3.9
— z=3.1

z=4.9

Z: WV

0
6ll<r<8ll

1000 2000

3000 4000

||
0 V A‘.d

‘“w/\"

i

z=5.9
z=4.9
z=3.9
z=3.1

=

0 1000 2000

vikms™1]

3000 4000

Gallego+2021

20



Results

Stacked spectra

SBiyo[1072%ergs~tcm~2arcsec™2A1]
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Results

Observational summary

f.s X I'nr = SBLya,obs X

1—‘HI,model

SBLya,model

SB [107? erg s~?cmarcsec ] between 8” and 20” away from LAEs

Number of Fxbected

anee ean LAEs HpM 19 Measured Predicted Predicted Predicted

© 5 © (UDF-].O, SB SBLya FHI X fLLS fLLS for HM12 fLLS for HMO1
-mosaic) Lya

2.9-34 3.1 33, 140 2.0 < 0.18 < 0.07 < 9% < 6%
3.4 -4.5 3.9 46, 242 0.79 0.19 = 0.07 0.11 4+ 0.05 24% + 9% 15% =+ 5%
4.5 - 5.5 4.9 43, 162 0.28 < 0.14 < 0.22 < 50% < 35%
5.5 - 6.5 5.9 16, 54 0.1 < 0.36 < 1.0 < 100% < 100%

Gallego+2021
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Results

Radial profiles

Higher SB slope than fLLs should indicate
significant contribution from galaxies
(I'wi flattens)
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Summary

UVB Constraints

fLs X I'nr = SBLya,obs X

I'HI, model

SBLya,model

» mean Measured f 1 s EAGLE Predicted
SBLya I'ar
3.1 < 0.18 8.3+ 0.2% < 0.82
3.9 0.19 £ 0.07 10.6 £+ 0.4% 1.12 £0.53
4.9 < 0.14 20.2 £ 0.7% < 0.85

0.2 - O Becker & Bolton 2013 UVB Models
@ D'Aloisioetal. 2018 — == Faucher-Giguere 2020 L
@ Wyithe etal. 2011 - Khaire & Srianand 2019
$ Calverley etal. 2011  ----- Haardt & Madau 2012

0.1 - Y This work —-= Haardt & Madau 2001

2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0
%

Gallego+2021
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Other Mechanisms Affecting the Observed Lya

Basic assumption

Fluorescence by the UVB is the only mechanism producing Lya emission.

Other potential mechanisms
* Scattering

* (Collisional excitation

* |onizing radiation from central galaxies
 Local sources of ionizing or Lya photons
 Absorption by dust

* (Close AGN

Except for dust, they should enhance the expected emission.
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Other Mechanisms Affecting the Observed Lya

Scattering

 Lya photons escaping from HlIl regions within galaxies
and scattering to the IGM

* Requires a medium with optical depth T ~ 1

Collisional excitation

 Extremely sensitive to temperature
* Requires partially ionized medium
« Some CE could occur in the transition between the

lonized exterior and the neutral interior of the clouds
but it’s very difficult to model

 There could be redshift dependence
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Other Mechanisms Affecting the Observed Lya

lonizing radiation from central galaxies

lonzing photons escaping from the central galaxies

Expected to decay with radius at least by the inverse-squared law

As with the UVB, their contribution should be proportional to the ionizing radiation intensity
Depends on the ionizing escape fraction and the production rate of ionizing photons

Current UVB models assume dominant UVB radiation from galaxies at z>3 and a monotonic
increase of the escape fraction. This does not match our results if this contribution is relevant.
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Other Mechanisms Affecting the Observed Lya

Local sources of ionizing and Lya photons
 Many uncertainties in the low end of the UV and Lya luminosity functions
 Undetected galaxies could contribute to the UV and Lya photons
 Some theoretical models suggest a higher UV escape fraction for faint galaxies

 Those galaxies may be considered part of the total UVB budget

Absorption by dust

 Bias in the opposite direction of the other mechanisms

* Assuming Lya photons are intergalactic, numerical simulations suggest little to no dust
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Other Mechanisms Affecting the Observed Lya

AGN contribution

* The majority of AGNSs close to the MUSE field lie within 3.6 < z < 3.8 which was
excluded from our analysis

* Current catalogs suffer from severe incompleteness due to LoS obscuration
 AGNSs are highly variable

 With simplified calculations we obtain about 4 AGN proximity regions within our
detection at 3.4 < z < 4.5 and about 4% of our selected galaxies could be affected
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['H1 around galaxy and AGN overdensities
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« We derived I'y;; ~ 6 X 10712571, 10 times higher than HM12, for the overdose region between 3.65 < z < 3.75

 Could be due to the UV contribution from an AGN overdensity, consistent with previous expectations

* |tis also possible an increased LLS covering fraction. We expect about 20% enhanced fLLs from simulations,
resulting in a I'y; still above the UVB



Prospects for the Future

EAGLE Mock Cubes SB prediction
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Summary

 The UVB shapes the ionization state and thermal evolution of the IGM

 We developed a new method to constrain the UVB, based on the detection of fluorescent
Lya emission around galaxies

* This method is independent of previous studies with several parameters difficult to estimate

* We apply this method to MUSE deep observations combined with simulation constraints and
obtain 2 upper limits for the UVB at 3.1 and 4.9, and a detection at 3.9

* Qur results are consistent with previous studies and suggest a non-monotonic decrease of
the UVB with increasing redshift between 3<z<5, as suggested by some other indirect
measurements

* These results also suggest the covering fraction of LLS at 3 < z < 4.5 to be less than 25%
within 150 kpc from LAEs
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