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OUTSKIRTS OF GALAXIES

a)What outskirts tell us about galaxy
evolution



Schaye et al. 2015
EAGLE simulqtion.

Figure 1. A 100 x 100 x 20 cMpc slice through the Ref-L100N1504 simulation at z = 0. The intensity shows the gas density while the colour encodes the
gas temperature using different colour channels for gas with T < 10*5 K (blue), 10* K < T < 1055 K (green), and T = 1053 K (red). The insets show regions
of 10cMpc and 60 ckpe on a side and zoom into an individual galaxy with a stellar mass of 3 x 10 10 M. The 60 ckpe image shows the stellar light based on
monochromatic u-, g- and r-band SDSS filter means and accounting for dust extinction. It was created using the radiative transfer code skirr (Baes et al. 2011).




Cooper et al. 2010,
Aquarius simulations
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Expect lots of faint substructure in galaxy outskirts, the amount and
morphology of which reflect precise details of the host galaxy’s
accretion history.



Bullock & Johnston 2005,
Johnston et al. 2008

accretion > 12 Gyr ago > 8 Gyr ago > 4 Gyr ago

Dynamical timescales long hence little mixing - brightest features come
from the most recent events. Observing the amount of substructure in
galaxy outskirts can test whether ACDM accretion histories are realistic.




Galaxy Outskirts Tell Us About Disc Assembly

But exact predictions depend crucially on the baryonic physics invoked in

simulations - direct constraints come from measuring the age and metallicity
distributions of stars in discs and how they changes with radius.

Ruiz-Lara et al. 2016
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eXtended Ultra Violet galaxies

NGC4625

Discovery :
e Gil de Paz et al. 2005 (NGC4625),
e Thilker et al. 2005 (M83)




eXtended Ultra Violet galaxies

GALEX FUV :
K80 : 80 % of K band light. -

o Type 1 XUV-disks have structured, UV-bright emission

complexes beyond the “anticipated” location of the SF
threshold (e.g. M 83, NGC 2841, NGC 3359, NGC 5055)

Statistical Study : Thilker et al. 2007 2



eXtended Ultra Violet galaxies

GALEX FUV _
K80 : 80'% of K band light

» Type 2 XUV-disks have blue UV-NIR within an
exceptionally large, outer, optically-LSB zone.

Statistical Study : Thilker et al. 2007 P



eXtended Ultra Violet galaxies

Characteristics of the XUV-disk population

o Type 1: >20%, no preferred T

o Environment/ perturbation
matters most?

o Type 2: ~10%, T>5 usually

o Galaxy-wide burst only for
low mass objects?

Statistical Study : Thilker et al. 2007
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Abundance gradient in NGC1512
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Abundance gradient in NGC4625
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Abundance gradient in NGC4625
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UGC 1382
Hagen et al. 2016
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Low Surface Brightness disks,
Barth et al. 2007 : XUV galaxies :

The central part = bar+bulge+disk « outskirts » of regular disks ?



Outskirts...
Anything beyond the regular galaxy ?



OUTSKIRTS OF GALAXIES

a) What outskirts tell us about galaxy
evolution

b) How to observe outskirts of galaxies
— deep photometry

- resolved stars

— absorption systems



eXtended Ultra Violet galaxies

GALEX : NGCA46
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Koda et al.

Extended UV (XU_?-)_"DISk‘S ¢

Suggestion of variable IMF to explain Ha/UV ratios

LOG [L(Ha) ergs s7']
36 38 40 42 N

LOG[SFR(Ha)/SFR(UV)]
o
TR

-4 -2 0
LOG [SFR(Ha) Mg yr™']

(Lee et al. 2009, Meurer et al. 2009,
Hoversten & Glazebrook 2008)

Deep Ha (+BVR) Imaging Survey of XUV Disks with
Suprime-Cam + u-band imaging with CFHT +
GALEX (Koda and collaborators) : analysing stellar
clusters of few 1000 Msun to test IMF variations in
XUV disks.

First results : universal IMF in XUV disks



Slides courtesy of PA Duc

MEGACAM, images deep fields
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MEGACAM, images deep fields
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Simulations help to estimate the duration / detectability of such features



Ducetal., 2015




MEGACAM, images deep fields

Marcillas et l.,n‘ prep
4

o [
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(dry) mergers -
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8
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MEGACAM, images deep fields
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Deep photo
Wik, St

28°

Deep uv/optical observations : we see
The galactic cirrus (everywhere and

26° |
on all scales!)
220 b 7
20° b 2 uh“”—";_r'__j‘-'-__ H :"-',‘;-.__A_\ -} ! ’ : ‘ . 104 —T—TTrrrro ——r—rrry e
; T . ‘ ' . e Miville-Deschenes, Duc et al.., submitted
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Probing the turbulence cascade in the diffuse ISM at
the smallest scales (0.01 pc): no evidence for a
break of the power spectrum!




Van Zee e tal.
Deep survey

EDGES Results with Spitzer

* Full EDGES survey includes 92 normal galaxies

 We detect extended stellar distributions and
stellar streams in many of these fields




(2010)

Modest aperture telescope can catch the brightest of the structures
(large FOV, less haloes)



This the relevant equation for computing signal in extended

Applying galactic archeology to massive galaries using deep imaging surveys 123

Figure 2. Comparison between the image of the spiral galaxy NGC 4216 obtained with Mega-
Cam at the CFHT as part of the NGVS (Paudel et al., 2013, left, 1 hour exposure time) and
at the amateur Irida observatory in Bulgaria (courtesy V. Popov and E. Ivanov, right, 20 hours
exposure time). The latter image is not as deep as the first one, but looks cleaner due to the
absence of the prominent reflection halos that plague the CFHT image.

el T = 10CAl YATIO
E = throughput of instrument

a = pixel area



C. Sandin: The influence of diffuse scatiered light. |
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Dragonfly




Spiral sample
S0 far

Bright (Mg < -19.5)
spiralsin Dragonfly fields

selected based on low
cirrus in the fields.

no selections based on
previously known stellar
halos




Huge variation in halo fraction at similar stellar mass
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Deep photometry Summary

e Allow to detect structures, but we need to aim
at very faint S.B.

* Challenges

- Flat fielding to 0.01 %

— Galactic cirrus

- Scattering : ray-trace or model can help to remove
some, but it is diffult, or use instruments avoiding it

In the first place.



OUTSKIRTS OF GALAXIES

a) What outskirts tell us about galaxy
evolution

b) How to observe outskirts of galaxies
— deep photometry

- resolved stars

— absorption systems
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* Possible to reach very low surface brightness (fainter than 30 mag
arcsec-2)

» Avoid problems of flat-fielding, scattered light, cirrus

 Also bring metallicity/age/star formation history constraints

Gallart 2004



Challenges for Resolved Stars

s Tip of the RGB @1.5 Mpc is m=21.9, @3.5 Mpc is 23.7 and @5 Mpc is 24.5

Require detections to at least 1.5-2 mag below the TRGB (and ideally deeper) with good
S/N to be interesting......
Local Group work can be done with 4m class telescopes; beyond the Local Group requires
8m class or HST. Current volume limit from ground ~5 Mpc...

J . .

** Nearby galaxies are large on sky, and galaxy outskirts are complex.....
Small FOV studies can be difficult to interpret while conticuous mapping
surveys are observationally expensive and challenging...
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Okamoto et al.
2015
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*»» Good image quality needed to distinguish backgroudn galaxies/stars



The Pan-Andromeda Archaeological Survey - PAndAS

faintest features have peak SBs of £, ~30-32 mag/4d M :
nnachie (Pl) et al 2 ,
~0.05-0.01% of the dark night sky zocfg |b2(t:a|§_t(a|) 2%1‘1 009



Bernard I_et al 2015
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Deep HST photometry obtained at 3 locations along M31’s SW major axis,
reaching to the oldest Main Sequence Turn-Offs.
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In all fields, star formation began early on and occurred more or less
continuously across the history of the disc
M31 was already a large disc at high redshift!



Galaxy Halos, Outer disks, Substructure, Thick
disks and Star clusters project.

Roelof de Jong (PI)

- halo12

T widel

mdeZ ?’

8

vided @ | HST Analysis of
wideS ) e extraplanar stellar
population in nearby
galaxies

halo17.




Lessons learned from resolved stellar populations
* Powerful but limited to nearby universe

» Extent of galaxies R > 50-200 kpc (implications
cross-section, metal absorption systems,
hostless Sns

« Complex. Low S.B. envellope common, nature
not clear

* |In M31 : outer regions in place early on



OUTSKIRTS OF GALAXIES

— absorption systems



The general idea...
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Example : around M31

i Z

@ This work: detections

O This work: non-detections

1 This work: rejected

* Rao etal. (2013)

% MW halo stars (Lehner et al. 2012)
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Absorbers to probe infall and outflows
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OUTSKIRTS OF GALAXIES

c) Radial Profiles



Radial profiles
* Textbook profiles de Vaucouleur or exponential
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De Vaucouleurs law
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Spheroids




Radial profiles

Empirically devised by Sersic (1963) as a good fitting fn

RV
I(r)=IOeXp(—E )

I(r) = intensity at radius r

|, = central intensity (intensity at centre)

o = scalelength (radius at which intensity drops by e")
n = Sersic index (shape parameter)

Can be used to describe most structures, e.g.,

Elliptical: 1.5<n <20 Bulge: 1.5<n<10
Pseudo-bulge: 1 <n<2 Bar: n~0.5
Disc: n~1

Total light profile = sum of components.

[
= The Se'rsic profile N

g L I(r) =1 exp[—(r/h)a/m] _

Surafce brightness (m

30 | | L | LN
0 2 4 6 8 10 12 14

Radius (kpc)



Modern view : extended disks
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Also observed at high z
 Perez 2004

* Trujillo & Pohen 2005
* Azzollini et al. 2008



Erwin et al. 2005

Anti-Truncations in Early-Type Disks
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u (mag/arcsec?)
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=>|n fact associated to
The HI exetended disk

Stars ? Dust scattering ?
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Radial profiles : sky substraction importance
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Surface brightness [mag arcsec?)

Radial profiles : importance of the PSF
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The measurement is simple in principle:

Observed Profiles | Face-on
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This is a surprisingly
hard measurement
and I'm a bit
skeptical. ..

R. de Jong

5 [niwe]

|:, ;JI.- i
w [l

2008

Light profiles pumllel w the minor axis at four distances from the galaxy centre for the g band (le ft-hand side). rband (middle  and f band {right-hand



Possible origins

* Type Il down-bending :

- Ram-pressure stripping (Boselli et al. 2006)

- Star formation threshold (Kennicutt 1989)

- Bar-induced dynamical evolution (Minchev Famay, 2010)

- Overlap of spiral and bar resonances (Minchev et al. 2011)
- Resonant interaction by spiral arms (roskar 2008)

— Corotation resonance of transient spirals (Sellwood &
Binney 2002)

- Satellites (Quillen et al. 2009)



Possible origins

* Type Il anti-truncated:

- New accretion event ? Warps and XUV disks could be
due to misaligned cold accretion at low
redshift (Roskar et al. 2010).

- Mergers (Athanassoula et al. 2016)
- Interactions (LSB disks in e.g. Mapelli et al. 2007)
- Bar (Head et al. 2015, Herpich et al. 2015)

- Stellar haloes oushining the disk at large radii (Maltby
et al. 2015 : few galaxies explained like this)




Roskar et al.
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N-body + SPH simulations :

- implement star formation with a break
- recuring transient spirals => scattering of stars
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Relative fraction

Consequences for chemical evolution

May solve g-dwarf problem in Solar neighborhood
May better explain a flat age-metallicity relationship
May explain dispersion
May explain thick disk ?
Rl o REEEl aidilet el Lo T i
+ all [ 0.4F +;ir‘_nu_|0tion ;EI-.
ool emcasy b .- Do |
! 0.0 - RP96 L
0.08T : 2 0.3F 3
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See also Kubryk, Prantzos, Athanassoula 2013



Roskar et al.

Misaligned

2010

accretion : main disk + misaligned disk

4 g
10°

~ total
~ main d!si-; ------------
misaligned disk - - - -




Malin 1

The extended disk profiles and
colors are consistent with a

« normal » disk with a very
large angular momentum.

Accretion of a second disk,
independent of the central one ?

Boissier et al.,
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Athanassoula et al. 2016

Formation of a disk
after a wet merger

— mdf223

— mdf780

log(density [10'" M_ / kpc® 1)

0 5 10 15 20 25
Radius [kpc]

Figure 8. Comparison of two simulations, one with (mdf780) and the other without (mdf223) a hot gaseous halo, both at time t=10 Gyr. Left: The radial
projected stellar surface density profiles. Middle: Face-on (upper) and edge-on (lower subpanels) views for mdf223. Right: Same for mdf780. Note the big
difference in the disk extent and in its mass relative to the classical bulge component.



Mapelli et al. (2008) : formation and evolution of
ring galaxies during head-on collisions

Simulation of the evolution Prediction for Malin-1 like galaxy



Mapelli et al. (2008) : formation and evolution of
ring galaxies during head-on collisions
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Figure 2. Stellar surface density in runs A (top panel), B (middle) and C
(bottom). In all the three panels the dotted (black on the web), solid (red on
the web), short-dashed (blue on the web) and dot—dashed (green on the web)
lines correspond to 1 = 0, 0.16, 0.5 and 1.0 Gyr, respectively. In the bottom
panel the long-dashed line (magenta on the web) corresponds tor = 1.4 Gyr.
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Anti-truncated disks with the Bar...

2.5

2.0}

1.0

truncated

Herpich et al. (2015)
simulations suggest :

- the spin parameter of the
halo decide the shape of
the profile

- orbital resonance put
stars on eccentric orbits
that form an extended disk
with high radial dispersion
and low rotation.
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