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Searching for galaxies in the epoch of reionization

Dropout tecnique' Lyman Break Galaxies

s

t,..~ 400,000 yr V+i+z 4.5

Narrow band technique: Lyman Alpha Emitters




Searching for galaxies in the epoch of reionization

t,..~ 400,000 yr

INTRINSIC DIFFICULTIES
Dropout technique: Lyman Break Galaxies

Uncertainties on the galaxy redshifts (Az/z=10%)
Contamination from foreground red galaxies
and Galactic cool stars

Narrow band technique: Lyman Alpha Emitters

lonized bubbles allow Lya photons to escape.
The neutral hydrogen fraction increases at redshifts
approaching the EOR.
The HIl region sizes decrease.

Is the [CII] emission line a valid alternative?



[CIlI] emission observations in the local Universe
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[CIl] emission observations in 5 < z < 7 galaxies
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[CIl] emission observations in 5 < z < 7 galaxies
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What can we learn from high-z [ClI] observations
on z = 6 galaxy properties?
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The multi-phase structure of the interstellar medium

neutral medium (WNM) NN

equilibrium



Simulations of [Cll] emission in a z = 6 galaxy

Zoomed hydro RT simulation .
with a subgrid model g L,ox=10h ';/'IOC
for the WNM/CNM (wolfire et al. 2003) t Mies= 7% 10> Mg

_ 11
and molecular clouds M0 =10 Mg
(Padoan & Nordlund 2011)

(Baek et al. 2013)
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Simulations of [Cll] emission in a z = 6 galaxy

UCL PDR

Yue et al. (2015)
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Log (SFR/Mg yr—1)

log(Ly,) = 7.0 + 1.2 x log(SFR) + 0.021 x log(Z) + 0.012 x log(SFR)log(Z) - 0.74 x log?(Z)

(Bell et al. 2005, 2007;
Bayet et al. 2009)
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Simulations of [Cll] emission in a z = 6 galaxy
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No detection of [Cll] emission in z=6 galaxies can be

explained with low gas metallicity values (Z< 0.2 Z

sun)

or by negative stellar feedback disrupting MC.



Simulations of [Cll] emission in a z = 6 galaxy
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Simulating cosmic metal enrichment by the first galaxies
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The UV luminosity function of z = 6 galaxies
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[CIl] emission in z = 6 galaxies

Good greement between simulations
and UV LF observations (Bouwens et al. 2015)
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[CIl] emission in z = 6 galaxies

Good greement between simulations
and UV LF observations (Bouwens et al. 2015)
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[CIl] emission in z = 6 galaxies

Good greement between simulations
and UV LF observations (Bouwens et al. 2015)
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[CIl] emission in z = 6 galaxies

Good greement between simulations Good greement between simulations
and UV LF observations (Bouwens et al. 2015) and [ClI] observations
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The importance of outflows in z = 6 galaxies

Invoked by theoretical model to explain the . | g @Z%% |
discrepancy in the low-mass tail of the stellar mass : | \ |
function with the dark matter halo mass function 5 \I
e algaes AGNs

1 Reads Trentam2008) |

1 1
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Outflows shape the galaxy star formation histories
and can produce cavities in their interstellar
medium that may allow ionizing photons to escape

D'Odorico et al. (2013)
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Quasar absorption studies show that the inter- ge;ﬁxﬁﬁ“ﬁqﬁ
galactic medium is enriched with metalsuptoz>6 " lo=. ..
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F (mdy)

Signatures of outflowing gas in z = 6 quasars

Detection of broad wings in the [Cll] line of a z=6.4 quasar
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see also talk by Alberto Bolatto



Signatures of outflowing gas in z = 6 quasars
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Are broad wings also present in [Cll] lines of z=6 galaxies?
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> Stacking of 9 galaxy spectra



Stacking the residuals of Capak et al (2015) galaxy spectra

Y o o e e e T e Er T
B E E = E Fren=10 [miy] HZ2 E 3B
F 15 Fuu=17 [miy] HIl B 15 rieez [km s = = E .
2 FWHM=158 [km 5] 3 - = 3 £ E R I
o — 210 - — = zE FWHM=261 [km s7']
g E gk M L E z E
© r — 3 E / 3 B E
] H_L‘ - S 05— M - 5 1B
2 = = i ° E
: I Fla = DO 1 P 17 N N B - /
B L m F E E N L LN e N I - UL
' - 3 -0.5— — E
] Sl N N S B = Bty N \—L‘L‘ - | == T N N B S ‘JJT =
2 } } } } } 2 } } Jj } t } Py } } } } }
R LT P PR IS iV IW m L G 2 f HH Aoy [
T - z © - = < - - =
LN I Lo B - gz, ] H L L I - ° z 0 N.n. . g
ik H_J LJL T 18 i L a J i J I Lr‘—u 18 7 b Ly L.—LHJ_[HJUJ ] 3
[ . | [ . | © [ Jf
—2L . . . . . —2[ . . . i . ] —2 . . . . .
—1000 -500 o 500 1000 ~1000 -500 o 500 1000 —1000 ~500 o 500 1000
velocity [kms™'] velocity [kms™] velocity [kms™']
— ] E = =
L i 8 — =
= C Fpenc=4.2 [mly] ) b — E Fpua="74 [mily] HZ6 = Fpea=2.0 [miy] HZ7 3
o4 FWHM=245 [km s7'] — > C - 7 =
£ C - g 6C FWHM=235 [km s7'] - FWHM=401 [km 5°'] —
. 7 > uE 3 E
i ) B Z 4= — =
§ 2 - . 5 F | 3
x H B ] = m E
5L ] E B E
£ o Py i i i -
- W B Jﬁ;‘_‘WHHME‘_H‘_; bty R ——
-3 P S T , } } } } } C 7]
L 4 b . i
T PR I P T :
ERNS [ 18 2 o - f 2 g 0 flms - 2
i ~ B S1 Wt I ik
-2 C L L L 1 L i -2 L L - - L -2 C . y y
~1000 -500 0 500 1000 ~ 1000 —500 o 1000
—1000 —500 velocityo[kms"] 500 1000 velocity [kms~!] velocity [kms™]
15 3 D e N B B A R L I B
— - | = E 3 L 4
g E Fpou=1.3 [mily] B HZBE E 15 ;:;iiimf] . HZ8W —= C R wzo B
= 1.0 ; FWHM=252 [km 57 7: B o E =117 [km s7'] E o4 — FWHM=372 [km s~'] -]
= C = z = =i £ L |
o5 = Tos J_L - Z L .
» - | jy | £ 7 ]
£ oo H_ DY( = £ 00F ’_L‘—‘ A = s N
E oo n i )= ] U = © L i
) Gt N P p ]
E 4 —05F — & A
osE- = 8 E °C T I ]
| S R D T B J I B | = A A SR 2 | | | | |
& o B a B
cR =z | L =z
E mn HHJJ Lj Hnﬂﬂ ’_Ln H & 3 J_Lmﬂﬁ nﬂFﬂ'M g 3 . H N1 g ’_LH g
I [ od @ T 0 @ g 0 B 3
] UU“H S AN SIS S L W 1 R B V| PR
[z - & L B i &
-2 . . . . . il U . . . . i —a . . . . . il
~1000 ~500 0 500 1000 —1000 —500 0 500 1000 ~1000 ~500 0 500 1000

velocity [kms™] velocity [kms™] velocity [kms™]



Stacking the residuals of Capak et al (2015) galaxy spectra
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We tentatively detect ( at = 30) a flux excess in the stacked signal
that strongly deviates from a standard normal distribution

Is this the sighature of outflowing gas we were looking for?



Flux [mly]

Galaxy emission line profiles

Double Gaussian
profile

velocity [km/s]

T
o
R
R
-
R
-

LB BLELELELE BLELELELE BLELELELE B

st o s g lea s b le s

(2T02) "|e 12 ouljOIRN

LA lllllllllllllllllllllllllllllllll

-2000 -1000 0 1000 2000

Velocily (km/s)

+

Gaussian profile

satellites

Flux [mly]

|
_
\HHHH‘HH\HH

Flux [mly]

|
:—,_l
=l
=
]
‘HH\HH [INNNNENE HHHH\‘\HHHH

0.08

velocity [km/s]

(o))
o
o
—-
o
o
o

0.06

0.04r

Flux (mJy)

0.02

Flux (mJy)
o
o
=)

SFR=1.0 M, yr~!

SFR=10.0 M, yr' |

(STOZ) ‘|2 19 1ulj|leA

-100

0

100
velocity (km/s)

200 300

Double horn
profile

(9T02) "Ie 3@ )0|92Q

‘ |
n \'.\~'h’.'\.ﬁ‘ﬂ"f.”

]

400 600 800 1000
Vi (km 577)



Evidence for outflows in z = 6 galaxies with ALMA
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Signal [mly]

Evidence for outflows in z = 6 galaxies with ALMA

1 23 569 999 9 99 9 99 9 9 86 6 6 4

1.0}
O.B}
. B
E O'Gj
0.4}
- M
- loading factor = ——
02— 8 k SFR
L | ‘ | | | | ‘ | | | | ‘ | | | |

-1.0 -0.5 0.0
log,, loading factor

The flux excess we detect
is consistent with a loading factor = 0.4

0.5



Comparison with z<0.2 starburst galaxies:
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16 kpe Density

Dahlia (Pallottini et al. 2016)

AMR code (RAMSES)

MDM =1.8 x 1011 Ms . Molecular hydrogen
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Numerical simulations of a z = 6 galaxy

100 km s~!

100 km s!

/
1
/

("(b\/\\\\\

e ////
/////\ ,\\\
////.__,\\,\\
—
W M

2.5 kpc,

.
Fjﬁ,,30_24\18—12406‘&0 .6 12 1.8 \ '~

B ~— -~ P

-~ 8g(n/em™ \ \ N ~ J.Qg(Z#Z‘;)\ \ N~ —

/ o — ~
)Ip(

B |
_;&.;42«91@ —12 08 04 00 0.2 N/ N\

— r~0.1kpc ' Gallerani et al. (2016)
0151 — r=~2.0kpc : .. _
— Pallottini et al. (2016
7 r~ 15.kpc | allottini et al. )
7] |
e 1
=< 0.10 '
S :
3 |
Q ]
© 0.05¢} ! ]_
| ”&
I
—600 —400 —200 0 200 600

v, /kms™?



SUMMARY

The [CII] emission line is a promising tool
for characterizing the ISM of high-z galaxies

No detection for Z< 0.2 Z_ . galaxies

log (Len/Ls)

log (SFR/M,, yr—1)
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SUMMARY

The [CIl] emission line is a promising tool
for characterizing the ISM of high-z galaxies

No detection for Z< 0.2 Z_ . galaxies
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SUMMARY

The [CIl] emission line is a promising tool
for characterizing the ISM of high-z galaxies
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Comparison with z<0.2 starburst galaxies:

Newman, Genzel et al. 2012
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MC photo evaporation effects on the [ClI] emission
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The inclusion of MC photo evaporation strongly reduces [Cll] emission
possibly explaining no detections in some of the targeted z=6 galaxies
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