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Summary

Motivation

Inflows:
Theory and observations
Different scales
The crucial inner kpc: IFU observations
Summary of inflows

Outflows:
The inner kpc; IFU observations
Summary of outflows
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Feeding and feedback of Supermassive

Black Holes (SMBH)

Madau & Dickinson 2014:

lookback time (Gyr)

4 6 8 10 12
L DL L ' I

Occur in Active Galactic Nuclei 0 2
(AGN): fundamental phase in !
galaxy evolution

I
o
'S

E?U
o,
=
Why? Madau & Dickinson 14: ”';
SMBH is connected to galaxy °_18
i
=
S

IIII[IIIIIII

Black: SFR
Red: SMBH growth x 3,300

IIIII[IIIIII

growth

How? Feeding and Feedback of

|
SMBH 0 1 2 3 4
redshift

| 4[]
5 6

Figure 15: Comparison of the best-fit star formation history (thick solid curve) with the massive black
hole accretion history from X-ray [red curve (Shankar et al. 2009); light green shading (Aird et al.
2010)] and infrared (light blue shading) (Delvecchio et al. 2014) data. The shading indicates the 1o
uncertainty range on the total bolometric luminosity density. The radiative efficiency has been set to
e = (L1. The comoving rates of black hole accretion have been scaled up by a factor of 3,300 to facilitate
visual comparison to the star-formation history.
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Motivation: feedback

v " Galaxies Luminosity Function

Feedback from AGN: outflows,
jets, radiation

-> Necessary to reproduce ¢(L)
galaxy luminosity function

Theory: Benson et al. 2003; observations R
Hopkins et al. 2006; Di Matteo ’ :f:: c
et al. 2008, Bower et al. 2012 A ? P
Prescriptions used in models: ——

not well constrained "Madau” plot

SN Credit: J. Silk
GN
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How to constrain feeding and feedback

processes in AGN

Feeding of SMBH ->

Bulge grows via formation of new stars ->

Feedback of SMBH ->

Storchi-Bergmann — Escola Avancada de Astrofisica, USP, Feb. 2018 6



Feeding: Inflows

Storchi-Bergmann — Escola Avancada de Astrofisica, USP, Feb. 2018
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Extragalactic scales: role of mergers

Model: Hopkins & Quataert 10:

Observations: connection with star formation, not necessarily with
AGN. Indirect connection as AGN connect with star formation?

Storchi-Bergmann — Escola Avancada de Astrofisica, USP, Feb. 2018




Galactic scales: bars

Active Galactic Nucleus

NGC 1097

Models: inflows along bars: stall at ~1kpc
Observations: no clear connection with AGN.
- Time delay?

Storchi-Bergmann — Escola Avancada de Astrofisica, USP, Feb. 2018
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Sub-pc scales: BLR & accretion disk

NGC 3516

Broad Line Region:
observations and
models imply flattened
structure connected
with accretion
disk(Pancoast+14;
Storchi-Bergmann+16)

Accretion disk

-3-2-10 1 2 3
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More Gas (f ,.)

Models:
Hopkins & Quataert 10

Key processes occur on
~100 pc scales: nuclear
spirals and bars

Resolvable in nearby AGN

More Bulge (B/T)

Storchi-Bergmann — Escola Avancada de Astrofisica, USP, Feb. 2018




Nearby AGN

Typical AGN accretion rates ~ 103 Mgyr+

Could be provided by mere mass loss of bulge stars
(e.g. Hoo8,+13, Davies+14, Rosario+17)

Yet an AGN triggering mechanism seems to be
needed...

Storchi-Bergmann — Escola Avangada de Astrofisica, USP, Feb. 2018 13



Observations: Images

HST F606W images of inner kpc
(Simodes Lopes +07, Malkan
+98,Martini+o3 ) :

Dusty nuclear spirals in all early-
type AGN;

In only 25% of control sample;

-> Nuclear spirals correlated with
AGN: channels to feed the SMBH

(Maciejewski 04, van de Ven & Fathi 10;
Pifiol-Ferrer+12; Hopkins & Quataert 10)

active non-active active non-active

Storchi-Bergmann — Escola Avancada de Astrofisica, USP, Feb. 2018 14



Observations: Kinematics (Gemini)

GMOS IFU Image slice at a single
FOV 3.511)(51/ or 511X7II infrared wavelen
Sampling 0.2"

PSF ~ 0.6"
R~2500

Spectral slice showing the
spectra across the entire

NIFS + ALTAIR
(adaptative optics)
FOV:3" x 3"
Sampling: 0.04"x0.1" L —
PSF ~ 0-1" infrared light
R~5500, Z, J, H, K
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Inflows In 1onized gas: NGC7213 (Schnorr

Muller +14)

WFPCZ FEOEW

Sa, LINER/Seyfert 1

{arcsec)

GMOS-IFU
I 0.7 kpc x 1 kpc
Structure Map
Nuclear spiral
§ 0.6"=60 pc

(arcsec) (arcsec)
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Sample spectra NGC7213 (Schnorr Miller +14)

E ! I ! ! I
[MI1]

— o —
T Hﬂ:“
o}
oo [O1] -
AR [hi] [s1]
o - — Tt i | ]
T I | I ' I ]
(1§ ] -
ool | ]
TR f
a
|
(=]
E
E
L

2800 6000 6200 8400 6600 6800
®(A)

Stellar kinematics from absorption spectra (pPxf, Cappellari & Emsellem 2004)

Gas kinematics from emission lines
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Inflows in NGC7213 (Schnorr Miller+14)

Structure Map

=2
=20

=4
—40

-2 0 2
Gas kinematics Stellar kinematics

— 0 2

Stars: rotation

lonized gas: rotation + distortions correlated with spiral dust structures: blueshifts
in the far side and redshifts in the near side -> inflow

Mass of ionized gas: 1.3 x 108 Mg;

Mass inflow rate: 0.4 Mgyr?at 300 pc, 0.2 Mgyr? at 100 pc; Schnorr Miller+16;

Storchi-Bergmann — Escola Avancada de Astrofisica, USP, Feb. 2018 18



Inflow along nuclear
bar in NGC308a

Acquisition Imaoge

Schnorr Muller +16)

SABO/a, Sy 2
GMOS-IFU

1.25 X 1.80 kpc

10

0.6"=100 pc

ﬁE_{”] Ha I[i]

ol [Fe1] [o] & ISt

'c = EHel e E

0 S N S| S | Nuclear bar (~1kpc)
E"Ew

6000 G200 6400 6604 6BOO
h (R)
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Inflow along nuclear bar in NGC3081

(Schnorr Muller +16)

Structure Map
e o

2 o0 2 —2
Gas velocity field: rotation + distortions correlated with nuclear spiral and bar

Subtraction of rotation model: large residuals -> inflows along the bar + compact
nuclear outflow

Total ionized gas mass: 3 x 108 Mg;

lonized gas mass inflow rate along the bar: ~ 0.2 Mgyr?

Storchi-Bergmann — Escola Avancada de Astrofisica, USP, Feb. 2018 20



Rotation + inflow model (Shape, Steffen et al. 2014)

VRadioI

Model of rotation in disk plus radial inflow with v=80 km/s in bar and spiral arms

Did not model outflow

Storchi-Bergmann — Escola Avancada de Astrofisica, USP, Feb. 2018 21



Minor merger fueling AGN in Mrksog

(Fisher +15)

T T T 1
4] 2 B 1 =3 L = 188 =] Toe 1563

Fig. 1.— HST FQEOEN narrow-band image of Mrk 509 showing primarily [0 II1]
emission. The filament can be seen to the right of the nucleus, extending from
northwest to southesst before making a % turn toward the nucleus. Starburst
activity can be seen In a ring around the nucleus at a redius of ~ 3. The dashed

box shows the 3% x 3" field of view obhserved with NIFS.

Sy 1 galaxy at z=0.0346

1"=700 pcC

Filament in [Olll] and continuum
STIS spectrum of filament:
redshift close to the nucleus:

inflow?

NIFS observations to check

Storchi-Bergmann — Escola Avancada de Astrofisica, USP, Feb. 2018
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Mrk5og (Fisher et al. 2015): SCenario

: [8111] Velocity - Rotation Data 500 s [S11] Velacity - Filament Data
! Gas in the disk: rotation
: :100.
: L g : Infalling filament:
i ° . .
) = 8 $ blueshifts then
-100. decelerates and turns
r _ L towards the nucleus
_ [SII1] Velocity - Rotation Model R [SII1] Velocity - Rotation Residuals 12 o h;;
15 . L . g ,a"#..-?'-cﬁa
_ ! T . ! e
' ' - 0
100. 1 50, -
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8 4 I\.
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Fluxo normalizads 4 cte

HST (FE0BW) K—continuum

Inflows In
molecular gas
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P 0 Diniz+15: NGC2110
-15-10-5 0 5 10 15 -1 4] 1

SO, Sy 2

m‘IIIIIIIIIIIIIIIII|IIIIIII
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NGC2110: centroid velocity

v,
200.0 200.0
000 <8 1000 Stellar velocity field: rotation
% 0.0 E : 0.0

L H2 velocity field: rotation +
L

~1000 | \,\ 1000 distortions at ~200 pc spiral arms
"/
9}

| + ¢ IM s000

| Closer to the center: outflow

=1

arcsec

Vel (H, A2.1218um) Vel — Model

1] I. | R L] PR B I PR 200.0 L =t =1 I T T T T 1 100.0 Hot (ZOOOK) H2 mass = 1400 M®
[ = 100.0 g
: Cold H2 mass (Mazzalay +12) =
0o ¥ - 9.9 x 108 Mg
1004 500 Surface density = 710 Mg pc2
—200.( ~100.0

arcsec
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H2 channel maps Iin Mrkyg (Riffel+13)

Within inner ~600 pc: blueshifts in far side, redshifts in near side -> inflow

Mass inflow rate: ~ 4 x103 Mg yr?, but should be dominated by cold gas

Storchi-Bergmann — Escola Avancada de Astrofisica, USP, Feb. 2018 26



More nuclear spirals or compact molecular gas disks: Fathi+o6,
Storchi-Bergmann+o7, Riffel+08,+09, Hicks+og, Schnorr Miller+11,
Riffel+11a, 12b; Hicks+13,Shoenell+14

1000

Cold molecular gas: IRAM PdBI:
Garcia-Burillo+12 (NUGA group)

—54°56'14"

—54°56'16"

ALMA: Combes+13,
Combes+14:
spiral in CO emission correlated
with dust spiral in HST F606W
image of Sy1 NGC1566 > e

—54°56'18"

4"20™00%s 20™M00°%
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Summary: inflows

Inflows in nuclear spirals, bars and disks, capture of dwarf
companion; observed in H* and H2;

Inflow velocities ~ 100 km/s;

Inflow rates ~0.1 — few Mgyr?: 102-103 times the AGN accretion
rate

Estimated total gas masses in inner kpc ~ 107 - 109 Mg

Storchi-Bergmann — Escola Avancada de Astrofisica, USP, Feb. 2018 28



Summary: inflows

Surface mass densities: 200 — 7000 Mgpc2-> KS law ->SFR ~ 0.1
— 10 Mgyr? -> gas will form stars (observed in many cases)

SMBH at 103 Mgyr*and bulge at1 Mgyyr*

the inner ~10pc-> higher
sensitivity and angular resolution = GMT IFUs

Storchi-Bergmann — Escola Avancada de Astrofisica, USP, Feb. 2018 29



Feedback

& 3 2 1 0 ~1-2~8-4-5-8=] 4 3 21 0 -1-2-3-4-5-6-7
Ao (") Aa (")
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Outflow In NGC4151 (log L[OIII]= 42.2)

(NIFS, Storchi-Bergmann+09,+10)

WHT (K—band)

SABab, Sy 1.5

[Fe 1I] M.6440um

1": 64 pcC

(arcsec)

e = [Fell] : ioniz. cone, ~
o 100 pC

(orcsec)

3 H,: along bar; 50 pc,
g e S avoids cone

0

Coronal lines: barely
resolved

(arcsec)
0 02 04 06 0.8

(arcsec)

(arcsec)
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Outflows in NGC4151

W [km/E)

600 |

400 -

200 |

200 |-

Qutflow restricted to
inner 2”: 130 pc

Outwards: rotation

-> Lower resolution
data could be

) interpreted as the

i outflow being more
extended
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Outflows In NGC 1068 (log L[O1lI]= 41.5)

(NIFS, Barbosa+14)

NGC 1068

NGC1068 [Fe ll], A, =1.644um

HST [Olll]
Sb, Seyfert 2

500 PC X 500 pC

1"= 64 pcC

offset Y (arcsec)

[Fell]: 250 pc from
nucleus

H.: 100 pc (radius) off-
centered ring

as et al. 2006

HI [Br] , A = 2.1661 pm
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NGC1068 channel maps: and H2

- Far side

[Fe Il]: outflows
= Velocities up to 8oo km/s
= Mass outflow rate: 4+ 1 Mg yr

Hourglass shape as PN
NGC6302

= Power of the outflow: ~0.2% L,
= Weak effect in the galaxy

= Extent of the outflow: 130 pc
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Outflow iIn NGC2386 (iog Li0II1]= 40)

(GMOS, Lena+1x)

107" erg/s/em®/A

Sbc, Seyfert 2
10 0 10 20 2 0 =z 4 500 PCX 500 pc
= [aresec] x [aresec]
; 1"=76 pc

: A (similar to B) [ren] :é / p

. s Complex line profiles within
1 [or] _§ : "o

oF — £ inner 1”-2" (150 pc)
o N =

8F =

6E =

2E =
28F =3

sk C (similar to D) =

1of =
052 c
3.0: |

6000 6200 8400 6600 6800

M 4)
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Outflow iIn NGC2386 (iog Li0II1]= 40)

(GMOS, Lena+1x)

114120

x [areses]

Rotation in narrow component up to the border of FOV

Double components in a region ~ perpendicular to ionization axis
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Outflow in NGCa1386: interpretation

— 380 pt —>

Extended emission: ilumination of gas rotating in the disk
Compact outflow (150 pc) along ionization axis plus equatorial expansion

Mass outflow rate: ~ 0.1 Mg yr?; Power: 0.2% Ly,
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Outflow in NGC5929 (log L[OIlI]= 40.5)

(NIFS, Riffel +13,+15);

[Fe 1] flux
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vi(km/s)

Outflow in NGC5929 (log L[OIlI]= 40.5)

(NIFS, Riffel +13,+15)

300 |

200 |

100 |

—100]

—2007

—300*"

—

5 0.0-051.0
X (arcsec)

—-1.0 —-0.5 0.0 0.5 .. 1.0
Y (arcsec) 10

Equatorial outflow +
rotation

Expansion of torus?

Mass outflow rate:

~0.4 Mg yr+
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Outflow in radio galaxy 3C33

(log L[Olll]= 42.8) (GMOS, Couto+17)
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Outflow in radio galaxy 3C33

(log L[Olll]= 42.8) (GMOS, Couto+17)

arcsec

25.0

18.8

12.5

| 6.2

0.0

arcsec

argsec

arcsed

500 250.0
250 200.0
L]
o = { 150.0
o
—250 ¥ 100.0
™ -s00 50.0

arcsec

[Olll] emission observed over the whole FOV; ioniz. axis tilted relative to radio jet

Dominant kinematics: rotation, distorted in strip ~perp. to ioniz. axis/radio jet

Strip show high o
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Outflow in radio galaxy 3C33

(log L[Olll]= 42.8) (GMOS, Couto+17)

25.0 300 250.0

N 250

18.8 200.0
(] % L]
in 25 @ o = { 150.0
& & o
6.2 —250 ¥ 100.0
0.0 ™ -s00 50.0

arcsec arcsed arcsec

High o: lateral expansion by passage of jet? Feedback of the jet?
Mass outflow rate: ~ 0.2 Mg yr?; outflow power ~ 0.3% L, (jet feedback)

Small effect in the galaxy (maybe large in intergalactic medium)
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Summary and Conclusions: outflows

Velocities: 200 — 800 km s?

Mass outflow rates: few tenths to few Mg yr?

Power: <0.1% - 0.3% L, in nearby AGN -> little effect on the galaxy: should
be higher than 0.5% percent (Zubovasiy)

Geometry:
Hollow conical/hourglass (Fisher+13: ~ 1/3 of AGN)

Compact (few 100 pc)/equatorial

Possible evolution: compact (*young” AGN) expanding to “open”
conical/hourglass shape;

Or relation with luminosity?
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Summary and Conclusions: outflows

Most extended emission not outflowing: illumination of
gas rotating in the galaxy disk -> possible overestimation of
power of the outflow by 1-2 orders of magnitude if it is
assumed that all the gas is outflowing (as many papers do!)

Future: IFU observations of more distant and luminous

sources are necessary to test the scenario: sensitivity and
angular resolution: GMT!
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Quest for more luminous outflows

Storchi-Bergmann+17: Narrow-band HST-ACS
images of 9 QS0Os 2 0.1<z<o0.5, with log
L[Oll]>42.8

Scale: better than 5oo pc/o.1”

Sample selection: from SDSS QSO 2 catalog of
Reyes+08
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lonization cones at 0.1<z<0.5

(HST-ACS, Storchi-Bergmann+17)
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lonization cones at 0.1<z<0.5

(Storchi-Bergmann+17)
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log(FT75W) (erg cm_zs_lA_l) log([O1I]) (erg em™2s71AT)
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lonization cones at 0.1<z<0.5

(Storchi-Bergmann+17)
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lonization cones at 0.1<z<o0.5
(Storchi-Bergmann+17)

lonized gas
extent:
30 kpc!
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Kinematics? Fischer+17

Similar, but lower z sample: 11 most luminous
targets on Reyes+o08 under z=0.12, with log
L[OIll]>42.3

STIS spectra along ionization axis

Preliminary results: outflow kinematics much
more compact than [Olll] emission
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Fischer+17: ACS + STIS

SDSS-J11524566+1016238
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Fischer+17: ACS + STIS

2MASX—J13003807+5454367
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