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Why StudyDUthows at z~1—3’>

Peak Epoch of Star Formatlon

Outflows required to explain | Study outflows at z~1-3 to gain
properties of z~0 galaxy population insight into feedback processes

Impacting galaxies when they are
forming most of their stars

| Tremonti+ 2004
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Strong Qutﬂows |n Lumlnous
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Ireak Galaxms at z~2

. 89 LBGsatz=1.9-2.6withHa 15 g
emission and UV absorption _
line measurements <hv> = 164516 <AV, >=445+427

« Absorption lines 10 -
« blueshifted by ~165 km/s
« FWHM ~550 km/s

— ubiquitous outflows, with
velocities of several hundred i
km/s - E N

Steidel+10

Also, e.g., Steidel+96,10,14; Franx+97; Pettini+00,01,02; Heckman+03,15; Shapley+03;Martin+05,12; Tremonti+07; Weiner+09; Quider+09,10;
Rubin+10,14; Bordoloi+11; Kacprzak+11; Coil+11; Kulas+11; Law+12b; Kornei+12; Chen+12; Bouché+12,14; Cicone+14; and many others



1) Demographlcs of Ionlzed Gas

Outflows

at z~1-3 W|th KMOS3D

Forster Schreiber, Ubler, Davies, Genzel et al. 2018
(Submitted to ApJ, arXiv:1807.04738)

« Sample of 599 galaxies
@z~0.6-2.7

« Primarily from KMOS?3P

. Cover the main sequence at
logM/M_ )~9.5-115

sun

. Identify outflows based on broad
or asymmetric Ho emission

« Separate into AGN and inactive
(star forming) galaxies

A D B R ]
2 F[] 3D-HST 0.6<z<2.7, K,3<23.0 -

@ KMOS® 0.6<z<2.7 (525)

A LUCI  1.4<z<2.3 (5)
—S-VKO'Z 2.0<z<2.5 (B)
[ B vD15/B14 2.1<z<2.5 (18)y

- == Median full sample

°
[ ¢ SINS/zC—SINF 1.4<z<2.5 ‘47) v

9.0 9.5 10.0
log (

10.5 11.0 11.5

M, /M)

Forster Schreiber+18


https://arxiv.org/abs/1807.04738

HOW are Qutﬂow GaIaX|es

Dlstrlbuted in the M -SFR Piane?

AGN Outflows T T

« Incidence depends only on stellar mass
« No dependence on vertical offset from star

\HlII|IIIJIIIII|II\I]\HI|IIIIIiIII|IIIHHH‘IIIIIJL

formation main sequence 2
— Consistent with Harrison+16 (KASHz) who a— : -’
find that 50% of X-ray AGN at z~1.4 have TR (X S TE R T T e

log(M4/Mg)

strong outflows

- Consistent with Leung+17 (MOSDEF) who
find that the incidence of AGN outflows does
not depend on the level of star formation.

Genzel+14; Forster Schreiber+14,18
Also, e.g., Shapiro+09; Harrison+14,16; Maiolino+12; Cano Diaz+12; Fabian12; Mullaney+13; Brusa+15a; Perna+15a,15b;Carniani+15,16; Kakkad +16



How are Qutﬂow GaIaX|es

Dlstrlbuted in the M -SFR Piane?

AGN Outflows

« Incidence depends only on stellar mass

« No dependence on vertical offset from star
formation main sequence

Stellar Outflows :

« Incidence depends only on vertical offset LTt 13;) ﬁ-ij;f)ll-b' T e
from star formation main sequence T

« No dependence on stellar mass

\ll]lllll\lll\lll\

— Consistent with results from KASHz
(Harrison+16) and MOSDEF (Leung+17)

IIIHlIHIIHIIlII

JIIIII\‘III

I\Jllllll\llll\ll\llI\Jll\l
90 95 100 105 110 115

Clearly two different classes of outflows T loaMyMo)

Genzel+14; Forster Schreiber+14,18
Also, e.g., Shapiro+09; Harrison+14,16; Maiolino+12; Cano Diaz+12; Fabian12; Mullaney+13; Brusa+15a; Perna+15a,15b;Carniani+15,16; Kakkad +16
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Sﬁeatra Q’f Stellar and AGN

Outflows

|
Stellar Outflows “ SF-driven outflows
. Outflow velocity ~ 450 km/s — "wmn;T,
. N_= 767, cm? (narrow), 380"}, cm? (broad) — full mace!
|

2000 0 2000 4000 6000 8000
velocity [km/s]

Genzel+14; Forster Schreiber+14,18
Also, e.g., Shapiro+09; Harrison+14,16; Maiolino+12; Cano Diaz+12; Fabian12; Mullaney+13; Brusa+15a; Perna+15a,15b;Carniani+15,16; Kakkad +16



Speatra cf Stellar and AGN

Stellar Outflows || srarven uttons
. Outflow velocity ~ 450 km/s — s sampones
. N_= 767, cm? (narrow), 380"}, cm? (broad) T ltmea
AGN Outflows |
« Outflow velocity 2300 km/s |
. N_~1000 cm* (broad) '
AGN-driven outflows
> Consistent with Perna+17 who find — full spectrum
n_~1200 cm?in the outflowing gas — bd"
 LINER spectrum ([N ll}/Ha ratio ~ 1.3)
-~ High n_and [N Il}/Ha in the broad component / \
suggest that the emission lines trace compressed ' IJI I AN
clumps of ionized gas entrained in the outflows 0O ity Temrs T

(see also Harrison+ 16, Freeman+17, Perna+17) Genzel+14: Forster Schreiber+14.18

Also, e.g., Shapiro+09; Harrison+14,16; Maiolino+12; Cano Diaz+12; Fabian12; Mullaney+13; Brusa+15a; Perna+15a,15b;Carniani+15,16; Kakkad +16



Stellar Mass Dependence of SF drlve'n ‘.' 

outﬂow propertles

0.5 L L LA AL 2 T T T 7 T T T T T T T T T T
dlog(n)/dlog(M,) = —0.1 + 0.2 i | dlog(vyu/vo)/dlog(M,) = —0.20 £ 0.13
of :
i 1 = 1F -
_ 05f 1 = f
% : 5 O ’
g k *
10f 1 £ ]
i 2 of w .
15 -
- | i Forster Schreiber+18
20 [ 0 v b b ] -1 RN S TN SN Y T TN TN S N TN TR SN N N |
9.5 10.0 10.5 11.0 9.5 10.0 10.5 11.0

log(My /M) log(My/Mg)

« In tension with M,-Z-SFR and M,-M, _ relations which require a power law index of -0.35

to -0.8 and n = 0.3-1 at log(M.,/M_ )~10 (e.qg. Lilly & Carollo 2013, Davé+17)
« Discrepancy potentially resolved by considering mass in other outflow phases

. Slight tendency for lower v__/v_at higher M, - consistent with observations of higher
metallicities and baryon fractions in high mass galaxies
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* Star formation driven outflows launched in the vicinity of
HIl regions

* Important to investigate relationship outflow properties
and resolved physical properties, on 1-2 kpc scales

Ho narrow - Star formation Ho broad - Outflow

1” (8kpc)

Newman+12a

See also Genzel+11, Newman+12b



2) Resol\ied»Pmpertles of Stellar

Outflows at z~2 3 m SINSIzC SINF

Davies, Forster Schre/ber, Ubler, Genzel et al. 2018
(Submitted to ApJ, on arXiv TODAY)

28 normal star forming galaxies at z = 2-2.6, observed with
SINFONI+AO to obtain flux and kinematic maps at 1-2 kpc resolution

SMOS 1.4<2<2, o i I
[ OO SINS/zC-SINF AO Sample (2>2, 2<2) B
| ® Subset used in this work (z>2) .3 st ] a) Ha ﬂux b) Av C) ESFR

1000

100 F

[Mg Yr_l]

SFR

’/
10F

1:—/’ _-"I. =
L L ]
10° 1010 1oY 10'2 Davies+ 18

See also Genzel+11, Newman+12a,b, Tacchella+15a, Tacchella+18, Forster Schreiber+18a



L'"e Profile Shape Stronglyi

Dependent on Z

\ -

s

== Low Ix Davies+ 18
s High Zseg

~1000 ~500 0 500 1000
Velocity (km s—1)

Prominent broad base in high Z___ spaxels but not in low >___ spaxels

SFR
- 2. closely related to outflow driving

SFR



Lme Prafrlé Sbépe Governed by Z
- Star Formatlon Drlven Outflows;,,._“f”

SFR

== Low Sx Davies+ 18
s High Zsep

= Low 2srgf2+
= ngh 2sprl 2+

== | ow R/R:
=== High R/Re

1

~1000 ~500 0 500 1000 ~1000 ~500 0 500 1000
Velocity (km s—1) Velocity (km s—1)

See also Genzel+11, Newman+12b, Forster Schreiber+18b
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* Split spaxels into 5 bins in 24

* Fit emission line profiles of all stacks with a two
component Gaussian model

low Zser hlgh ZsFR
0.4 0.4
Data stack

Fit Marrow Component

0.3 4 Stack - narrow component 0.3
—— Fit Qutflow Component
—— Fit Residuals - 0.05

0.2 4 1o Errar Region 0.2 1

0.1 4 0.1 +

0.0 4 0.0 +

Wﬁ.ﬁw = CrrT e Ees

_D.-l T T T T T _D.l T T T T T
-1500 -1000 =500 0 500 1000 1500 -1500 -1000 -300 0 500 1000 1500

Velocity (km s™1) Velocity (km s™1) Davies+ 18




. - T R " = ’ i - s - - i - -*
P o s

- . L - mil T TR

s i

-
i, ; . i o _41- T " < F

e s - o sl B Sl
i : “a PR » . e e e O i . v il Sh . ir 0B
e - - R s oh i M = W LoE ey SR it
S S - - +r— > £ gy 1 Hous . P ok ek A
At 3t LS e A : E o ; =~ g
A T <. . « - J” =P = ; Y e % i 7 "_" Vi “ g s
SE g - <l ¢ - g 5 - G ‘ o bt

-~ -

R . “ .v » s - E
- oK

s - o

- - C - ’ . .. - =
. ’ ; ; L R P - e . P : )
- . i - al E & g .

6004 = Best fit with 1o error region, vo, = (295 + 35) 52,28+0.10
------- Energy driven wind (Chen+ 2010), vour = Z2%
E 5504 ~" Momentum driven wind (Murray+ 2011), Vout = 2
_~,E¢ 4 Stacks of pixels in 2 XIsrr bins
+

Stacks of pixels in 5 Zseg bins

2007 ! ‘ Velocity of star
i e formation driven

=t outflows in KMOS?®P
(galaxy integrated)

M

(%]

o
]

200

050 -025 0.00 025 050  0.75 1.00 1.25

ZsSFR Davi
e avies+ 18
|Og (Moyr_lkpc—z )

- Consistent with 2__-v__scalings reported by e.g. Weiner+09, Martin+12,
Kornei+12, Heckman+16
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Energy or M‘Omentum DrNen

600 -

5504 7
4 Stacks of pixels in 2 XIsrr bins
4+

Stacks of pixels in 5 Zseg bins
500 A

450 -

400 -

w

L

o
l

W

o

o
1

Maximum Outflow Velocity (km/s)

== Best fit with 1g error region, vy =
------- Energy driven wind (Chen+ 2010), vour = Z2%

- Momentum driven wind (Murray+ 2011), Vour = Zieg

(295 + 35) $g77 =010

_L Velocity of star
i e formation driven

=t outflows in KMOS?3P
(galaxy integrated)

log (

050 -025 0.00 O

25 0.50 0.75 1.00 1.25
2SFR ) Davies+ 18

Mo yr—tkpc—

Measured scaling is between predictions from energy driven and
momentum driven models. Both mechanisms important?
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Can OutflnMﬁg Materlal Escape

the Halos’?

| == Bestfit with 1o error region, vy, = (295 % 35) 53.28£0.10

=)}
=]
o

------- Energy driven wind (Chen+ 2010), vour = Z2%

- Momentum driven wind (Murray+ 2011), Vour = Zieg

4 Stacks of pixels in 2 XIsrr bins
4 Stacks of pixels in 5 Zseg bins

un
un
o

Velocity of star
e formation driven

et outflows in KMOS?P

(galaxy integrated)

un
o
o

450 -

400 -

(3]
U
o

W
o
o

Maximum Outflow Velocity (km/s)

N
Ul
o

200 [ T T T £ T T T T
-0.50 -0.25 0.00 0.25 0.50 0.75 1.00 1.25

ZsSFR Davi
e avies+ 18
|Og (Moyr_lkpc—z )

Escape velocity ~ 650 km/s, so most material will probably be re-
accreted (but if the outflows are bipolar, need to consider inclination).
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* Large samples of galaxies at z~2 are making it
possible to do systematic studies of outflows at
these redshifts.

* However, significant challenges remain. Need
better observational constraints on:
- Electron density in the outflowing gas
- Multi-phase mass budget
- Velocity structure and geometry of outflows
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SF outflows most prominent above the main sequence,
AGN outflows most prominent at high stellar mass

Outflow components of optical emission lines trace dense,
shocked clumps of ionized gas entrained in wind fluid

Low mass loading factors (0.1-0.3) — most outflowing mass in
other gas phases?

Sharp onset of AGN driven outflows at ~Schechter mass —
causal connection between AGN feedback and SF quenching?

Incidence of outflows on 1-2 kpc scales driven by local 24

. 0.28+0.10 .
Outflow velocity scales as Vv, C2gg — outflows driven by a

combination of mechanical energy and momentum transport.

N positively correlated with 2, (may flatten at highest > 4)






L|nk betweén AGN actlwty, ouftlows :

SFR and molecular gas content
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log(M4/Mg) Forster Schreiber+18

* Sudden onset of AGN and AGN driven outflows coincident in mass with
the sudden decrease in sSFR and gas fraction — causal connection
between AGN-driven outflows and mass quenching?
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Impllcatlc)n of AGN selectlon '

* [N Il}/Ha selected AGN appear to have the
same properties as X-ray selected AGN

— Spectra and multi-component fits very similar
— Similar luminosity and eddington ratio distributions

- Fraction of AGN with outflows is the same when
considering only X-ray AGN or the whole sample
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Forster Schreiber+18
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normalized flux

normalized flux
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AGN dr‘lven outﬂow spectra as EY functlon
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PCA conflrms stellar and AGN

outﬂows are drfferent phenomena
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cr of Gutflow Component as a
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Current star formation activity is sufficient to drive the observed
outflows — no additional energy source required.



