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Introduction: Galaxy Formation

Galaxies are formed within the cosmic web, a network of dark matter &
baryons

i \

Gas accretion along the cosmic web §
governs galaxy evolution
- “cold-mode accretion”

- observationally poorly constrained! §

Massive stars, SNe, AGNs inject
energy into ISM/CGM
- “feedback”

cold streams
in hot media
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Inter/Circum-galactic medium

(IGM/CGM) & Lya emission

* Gas circulation between IGM/CGM
IS very important for galaxy evolution

e can be traced with Lya emission
at high redshift (z>2)

— Turned out to be ubiquitous, but
very faint (SB<10'®

erg/s/cmZ/arcsecz) Tumlinson et al., 2017
- |IFU or deep NB imaging are EENENEE N N W
powerful tools o
E’ Case ;O;::::j;:}kl;ic ,%m & SO-CaIIEd
UV Lyo SN | o halo!

1 Stacked UV(left) and Lya(right)
image of LBG @ z=2.65
< Their SB profiles (Steidel+11)




*

Galaxy in Different Environments -

Environmental segregation at z=0 suggests
some processes preferentially work on
galaxies in dense environments

* Observations of protoclusters hold the key

- At z>2, the local relation reverses Cappellari+11
- High gas accretion rate, high merger 10\%7;230:9913::75'20
rate, etc. may be related to abundant 08~ = 7
active populations | opiral :
(StarburSt’ AGN’ LAB’ " ) E [ Use 3rd neighbour on cylinders />
C 0.4 : \
SOffast rotator) T .
P— i~ e TElliptical g -
- ﬁ"." = . E (slow gotator
- 4 ™ o o g
gglsé)r(l;?(g) SMGIULIRG ggggg;ed aﬂgggfured Sg@;yt,ype ks Iog;15urfuce0density (:ulpc'zj ‘

| it
Alexander & Hickox 12 galaxy density -



Observations of Lya halos

around SF galaxies at z>2

 Diffuse Lya halo is ubiquitous if we go as deep as
<le-18 erg/s/cmz2/arcsec2 - but its origin is still
under debated!

 LAH shape and its dependence on various host
properties should have useful information

- Host UV magnitude, Lya luminosity, the large-scale
environments, etc. Stacked UV(left) and Lya(right)

- Observations in the literature have not reached image of LBG @ z=2.65 (Steidel+11)
consensus. More obs. are needed to pin down the
origins and probe the CGM
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Origin of Lya emission in the CGM

= Fluorescent = = Scattering = = Cold flow =
Recombination of HI  Resonant scattering Shock heating by
gas in the CGM by of Lya photons from the cold gas from
ionizing photons central galaxies by the IGM (~10% K)
from central galaxies HI gas in the CGM can radiate Lya

* lonizing photon ¢ Lya luminosity < DM halo mass
production rate « HI distribution

Taken from Momose-san’s slide
See also Momose+16

p* b

= Satellite galaxies =
Lya emission by star
formation in satellite
galaxies (for stacking)

* DM halo mass




Deep HSC imaging for diffuse emission

 Target: Field around a hyperlumious QSO at z=2.84 (H51549+1919)

- reside in massive overdensity (proto-cluster)

e Observed with Subaru/HSC (PI: Yuichi Matsuda)

G 2.2 hr (20s %389 shots) » 27.4 mag (50, 1.5” aperture~2xseeing 0.77")
NB468 6.3 hr (300s X113 shots) » 26.6 mag (50, 1.5” aperture)

« To avoid saturation of the QSO, exposures need to be short
- Large dithering (N4,=5, Rg4ixn=10") + PA rotation (30°xN)

« To reduce the impact of diffuse ghosts
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| HS1549 Field
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Transmission =

Redshift

Wavelength — Mostardi+13




Data Reduction

 Data reduced using HSC pipeline (hscPipe 4.0.5) raw data: ~1.3TB

- With global sky subtraction + ghost mask package +addtional
mask by myself

https://hsc.mtk.nao.ac.jp/pipedoc/pipedoc_4/j tips/skysub.html#global-sky
https://hsc.mtk.nao.ac.jp/pipedoc/pipedoc_4/j tips/ghost.html

« For further analysis, we subtract
the sky with SExtractor with
arbitrary sky mesh size

- For point source detection,
we used 64 pixel

- For extended source analyses,
we used 176 pixel (=30")



https://hsc.mtk.nao.ac.jp/pipedoc/pipedoc_4/j_tips/skysub.html#global-sky
https://hsc.mtk.nao.ac.jp/pipedoc/pipedoc_4/j_tips/ghost.html




LAE/LAB Detection

Source detection & photometry with *Narrow-band technique
Source Extractor (Bertin & Arnouts 96) -( —

e LAE selection criteria (2.815<z2<2.887):

- NB < 26.57(50)
- G -NB > max{0.5, 0.1+40(G-NB)} J i

rest EW,,, >12A s
( o ) Wavelength -

Transmission =

* LAB (Lya blob)selection criteria:

— criteria above(in isophotal mag) +
Lya 20 isophotal area>16 arcsecz in
the smoothed Lya image
(gaussian with o=3 pixel)

g - NB468 [mag]

- 3490 LAEs and 76 LABs found
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Distribution of LAEs & LABs

* Filamentary structure detected

 Overdensity at the center
suggests M, ,,, of the protocluster
will become ~10*"My at z=0

 LABs are distributed along the
structure & clearly prefer denser
environments
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%6 ,=n/n_.-1, nis the number of LAEs

within a 1.8’ aperture at a given point Kikuta+19




Diffuse Lya emission from protocluster core

Diffuse emission down to
le-18 erg/s/cm2/arcsec?
(white contour)

3.04e-19 6.35e-19 1.03e-18 1.51e-18 2.13e-18 2.94e-18 4.02e-18 5.48e-18 7.41e-18

Kikuta+19




Physical Origin of Extended Lya Emission

 Lya photons are emitted from excited/ionized
hydrogen atoms

- Photoionization (>13.6eV, 921nm)
— Recombination

- N=2-1, 10.2eV, 1216nm

- Collision

(a) Scattered light (b) Cold streams (c) Satellite galaxies
in the CGM
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Diffuse Emission from Protocluster Core

at Cosmic Noon

 There are so many AGNs around the central

Kikuta+19, HS1549@2=2.8
part of the protocluster core '

« Abundant cool gas & active source (provide

lonizing radiation) can boost the Lya emission
from the filamentary structure

« New direct way to test galaxy formation theory!

Umehata+19: SSA22@z 3 1 Erb+11 HSl700@z 23

“Hsuprime-cam + NB Lya emiter
and MUSE = Continuum-—selected 7=2.3

(=2




Detection of an SMG at the tip of the “filament”

(preliminary)

* interesting diffuse LAB with filamentary shape,
pinpointing the HLQSO - may trace the cold
streams?

 To know the origin, we conducted Keck/KCWI
observations

- Achieved S/N is not high due to weather, but we
tentatively detect a double-peaked Lya line

« A sub-mm source detected at the tip by our
ALMA observations

- Spec-z not obtained yet...




Use cutout Lya images of LAEs (sky mesh size=30") with continuum sources masked
Stack Lya & continuum images with IRAF imcombine
Sky noise is estimated with “sky cutouts”; behaves well (x ~N/?)

PSFs of NB/g-band images are measured with bright point sources

“average face”
of Japanese men

- Central part: objects with CLASS STAR> 0.95 and 18 < g < 22

- Outer part: stars with 13 < gspss < 15 from SDSS DR14 catalog

- These are connected at r = 20 pixels following a method described in Infante-Sainz et al. (2019)

3x1020

v
*
=
<
na
(=]

) =
X x
a =
S S
n n
- o

sigma at 50th annulus [erg/s/cmzfarcsecz]

o
o

2.5x1020 -

1.5x102% -

\
¥ fitto
\ a*x*b,

AN

ﬂ\-h,

average 3 sigma clip
average 5 sigma clip
average no sigma clip
median 3 sigma clip
median 5 sigma clip
median no sigmaclip =
median no sigma clip,
a=2.55e-19, b=-0.493

500 1000

1500 2000 2500 3000 3500

stack

normalized SB
= s - -~
S S S S 9 o
(6] S w nN - o

=
=
>

=
@
2

NB combined PSF -
g combined PSF

e
o

10

radius [arcsec]




Stacking Analyses

« “Non-LAE” sample is constructed to check total
systematics (see Momose+14)

- Stack randomly selected objects with similar NB
mag & FWHM and check if they are extended

- Detect diffuse Lya emission down to ~10-2°
erg/s/cmz/arcsec?

[arcsec]
60 1 2 3 4 5 6 7 8 9
NB PSF
non-LAE -~

10 11 12

LAE non-LAE

g
-
@

TTIT LRRLLL

cm? arcsec”
=
o

1
X
=

3

Lya

1x100F |

SBlergs

1x10%)

Cont.

Ax1071°

2x1071°

60 80 100

0 20 40
radius [physical kpc]

orange: Lya, blue: Cont.

750 —

-
8 500

£ 250
e

LAE

non-LAE

a75F

425}
T 3.75
3.25 |
2.75 |
2.5 |
1.75 |
1.25

FWHM [arcse

075F - -

—

20

21 22 28
NB468 [magnitude]

26 0 250 500 750 10001250
number

24 25

[arcsec]
1 2 3 4 5 6 7 8 9 10 11 12

1x10716 2

2-

]
i
x
=
S

L

=

arcsec”

1x10718

o

SB [erg s'em
~
3
°

1x1020

mesh 2.0arcmin
mesh 1.0arcmin
mesh 0.5arcmin ——=— |
mesh 11 arcsec ——=—

=64 pixel |

1x102! G

20 20 60 80 100
radius [physical kpc]

Sufficiently large sky mesh size is crucial!!




LAH Dependence on Various Properties

Divide LAEs into 5 groups according to their 15
photometric properties

“Projected distance from the HLQSO"” is used
to test whether QSO radiation affects the
LAHSs

Note the correlations between quantities
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Fitting exponential functions

* SB radial profiles are fit with the following functions:
- 2-component exponential: PSF*(C, xexp(-r/ry))
- 1l-component exponential: PSF*(C,xexp(-r/r;)+C,xexp(-r/r;) )

- Power-law: PSF*(C,;xr®) as suggested by a model in Kakiichi &
Dijkstra 2018
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Results of Stacking: UV, L,
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Fitting exponential functions

« 2-comp exp. functions are needed for Lya SB profiles,
while 1-comp exp. functions are enough for UV in most cases

Bright (in Lya/UV) / low-EW LAEs require the UV 2nd
component

* This is the first robust detection at high-redshift

Power-law sometimes fails to capture the transition from 1st to
2nd component

=30 4 -
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Results of Fitting

« Lya/UV 1st components correlate with My,, L, EW
- Brighter LAEs have larger cores
 Lya 2nd component behaves stochastically

* Protocluster sample (6>2.5) stands out
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Relation between scalelengths
r L

1,uV? I"1, Ly

2, Lya

« Correlation found only for ry yy - 1y
e 1S difficult to predict
« Commonly used assumption of ry y, = Iy, IS Not valid (gray line: 1:1 rel.)

- Caution: small value for r; ,, may be just due to nondetection in
continuum images
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Discussion:

Origin of the Large LAH in PCs

 Overlapping of galaxies or UV brightness of the PC LAEs cannot fully explain the large LAH

[arcsec]

 We further divide the PC sample into near/far from the QSO sample
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25 <6 —
- Far sample no longer has a very large LAH \ core wlo QSO
G ix10"7 outskl 1
‘o emb —
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Elj"um"ﬁ- NALH 1
- Diffuse emission around the PC core may be the cause _51 - itigﬁ\f_\/
%x E M "-%Q_;\:vrvvtrv‘?’v;.,,,,,'*_
- Related to abundant cool gas irradiated by active members g, =» THRA
in the PC core
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Discovery of “UV Halos” and Its Implication

to Low-Mass Galaxy Evolution

= TNG 100<SFR
= 10<SFR<100
= 1<SFR<10
= (0.1<SFR<1
—— Lake+15
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« Comparison with the TNG100 run of the lllustrisTNG
simulation
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- make median stacked SFR surface density profiles of FOF (friends-of-
friends) halos atz = 3
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« The UV-brightest subsample has a similar shape as the SFR surface
density profiles of TNG galaxies with 1 < SFR < 10 and 10 < SFR <
100 subsamples

- Given the similarity of the profiles, the UV halo of the UV-brightest LAEs
would be also due to satellite galaxies

normalized SB

- On average, they have 1.9 and 2.3 satellites, with median DM halo
masses of 3.3x109 M, and 4.4x10° M 105

- the UV halo may be comprised of a few satellite galaxies, not by an LT
intrinsically diffuse stellar halo, unlike local mature galaxies

- Such satellites have 0.01 < SFR < 0.1 - detectable with JWST?
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Insights into the Origin of LAHs

* First detection of the UV 2nd component (r < 40 pkpc) offers direct
evidence for a contribution from satellite SF

- Agree with recent simulation results (Byrohl+20, Mitchell+20, Lake+15)
- Can be tested with JWST by seeing if “Ha halos” exist or not

* To determine the origin of LAH at larger radii, deeper obs. & comparison with
state-of-the-art simulations are needed

- Current simulations still cannot treat all relevant physics

- Fluorescent Lya emission may contribute significantly at outer regions
within protocluster cores at cosmic noon and/or near bright QSOs

(a) Scattered light (b) Cold streams (c) Satellite galaxies . 10 - — central
in the CGM o ] ~—— outer halo
« g 10-18 - — | GM
LAE LAE *  LAE = E —— other halo
o * ¢ « ~N 10—19_; — total
& o P
“ R bl R L = 10729 5
- Cam man o a} : .
5 & 4 ‘C_ﬂ. 10—21 r E
) ]
% Stars 107%2

20 30 40 50

l Figure from Momose+16 +(d) fluorescence | Lya emission I Byrohl-?—ZO(TI{IOC-BO) ¢ [pkpc]




Summary

« The HS1549 protocluster corresponds to the intersection of ~100cMpc-scale
structure. “Cold stream”-like structure is discovered near its core.

» Sensitivity close to 1e-20 erg/s/cmz2/arcsecz is necessary for safe argument (at
z~3) of LAHs - NB stacking with Subaru/HSC is still a powerful tool in the
era of sensitive IFUs!

« Lya SB profiles are well fit with 2-component exponential functions with r,,,~10
pkpc

* e andry, correlate, butr,,,, does not correlate with any photometric property -
insufficient S/N?

- Very large r,,,, in the PC suggest the importance of “fluorescence” as a LAH origin
under some situations

« We found “UV halos” around bright/low-EW LAEs
- demonstrates satellite SF as important contributor
- Comprised of a few low-mass satellites?

* To determine the origin of LAH at larger radii, deeper obs. & comparison with
state-of-the-art simulations are needed



Take home messages for HSC research
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