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Figure 1. M–σ relation for galaxies with dynamical measurements. The symbol indicates the method of BH mass measurement: stellar dynamical (pentagrams), gas
dynamical (circles), masers (asterisks). Arrows indicate 3σ68 upper limits to BH mass. If the 3σ68 limit is not available, we plot it at three times the 1σ68 or at 1.5 times
the 2σ68 limits. For clarity, we only plot error boxes for upper limits that are close to or below the best-fit relation. The color of the error ellipse indicates the Hubble
type of the host galaxy: elliptical (red), S0 (green), and spiral (blue). The saturation of the colors in the error ellipses or boxes is inversely proportional to the area of
the ellipse or box. Squares are galaxies that we do not include in our fit. The line is the best fit relation to the full sample: MBH = 108.12 M! (σ/200 km s−1 )4.24 . The
mass uncertainty for NGC 4258 has been plotted much larger than its actual value so that it will show on this plot. For clarity, we omit labels of some galaxies in
crowded regions.
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Fig. 16.—Conditional dependence of the star formation history on the stellar
mass. Same sample as in Fig. 15, but with each 0.05 dex wide mass bin normalized to its maximum separately. This allows us to see what specific SFRs dominate at each mass, and to follow activity where there are to few objects to show in
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How does AGN feedback work & can it do these things?
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Multi-wavelength breakthroughs on AGN outflows
Mrk 231
km/s

•

Massive galaxy-scale AGN outflows in
luminous QSOs and local ULIRGs
➡ neutral, ionized, CO, OH, HCN, ...

Rupke &
Veilleux 11

A&A 518, L155 (2010)

kpc

Figure 4. Equivalent width, central velocity, FWHM, and v98% maps of N i D. A nuclear outflow extends from the nucleus up to 2–3 kpc in all directio
in the plane of the sky). The high velocities suggest that the AGN powers the nuclear wind. The northern quadrant of the nuclear wind is further ac
radio jet. A lower-velocity starburst-driven outflow is present in the south.
0.03
0.3
(A color version of this figure is available in the online journal.)
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The role of UV spectroscopy

•

Physical conditions (

•

From redshifted near UV:

energetics) in atomic gas of winds

➡ ~kpc: Arav+ measurements of low-ions
in luminous QSOs
➡ ~100 kpc: Prochaska & Hennawi
(2009) possible wind absorber

•

From far UV: Tripp+ post-starburst wind with hidden mass reservoir
(warm-hot ~10-150× cold)

Energetics of kpc-scale outflows from low-ions

•

Photoionization modeling of FeLoBALs: v~1,000-5,000 km/s, R~1-3 kpc
(Moe+09, Dunn+10, Bautista+10, Arav+11)

SDSS J0318-0600

No. 2, 2010

•

THE MULTI-COMPONENT ABSORBER QSO 0318-0600

CAFG+12 model:
➡ interaction of QSO blast with ISM
➡ not accretion disk wind
➡ multiphase: generally, cool ≪ hot

•

Dunn+10

Figure 1. Portion of the VLT spectrum showing the Fe ii UV 38 multiplet in SDSS J0318−0600 (the full spectrum can be found on
indicated by vertical blue lines for the expected position of component i, based on the redshift z = 1.9257. The redshift of the quasar
right. The log(gf ) values of the identified transitions are shown above the spectrum, where g is the statistical weight and f is the oscill
vertical blue line provides the value, which can be read from the y-axis scale at the top right. Each identifier lists the ion, wavelength, an
s of cm−1 ). The spectrum error is plotted in solid black below the spectrum (≈0.05 in normalized flux)

~1/2 of QSO outflows with reliable energetics estimates

(A color version and the complete figure set [35 images] are available in the online journal.)
Table 2
Detected Absorption Lines in QSO 0318−0600
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Elow
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3.2. Column Density Deter

With a list of measurable absorption t
column densities. We begin the process b
the strongest component, (i), where we

Future: extend to high-ions with UV spectra

•

Many more atomic transitions

•

More representative of
observed QSO outflows

•

Sensitive to warm-hot gas

•

Currently limited to bright QSOs, but future UV telescope could make
such studies commonplace (Kriss talk)

e.g., He 0238-1904

Modeling AGN-driven galactic winds

•

Focus on explosive “quasar mode” feedback, LAGN~LEdd

•

Numerical simulations & semi-analytic models that assume ~5%
LAGN couples to the galaxy lead to BH-galaxy co-evolution
(e.g., Silk & Rees 1998, Wyithe & Loeb 2003, Di Matteo+2005)

•

Complementary: study basic physical processes through which
BHs interact with the interstellar medium in the host galaxy
➡ crucial for effectiveness of feedback, how to include in sims

•

Show BAL winds produce energy-conserving outflows
➡ explain large momentum fluxes observed

Broad absorption line (BAL) winds

•

Observed in rest-UV of up to
~40% of QSOs

•

v~few×1,000-30,000 km/s

•

Possible x-ray counterparts
(warm absorbers, UFOs)
PG-1254+047 (Hamann)

•

Modeled as accretion disk
winds (Murray+95, Proga+)

.
Large P (=force) of galaxy-scale AGN outflows

•

If all photons scatter once
& P is conserved,
Ṗ ⇠ LAGN /c

•

Observations indicate
Ṗ ⇠ 10LAGN /c

ULIRG data from Sturm+10,
FeLoBALs from Arav+, CAFG+12

•

Simulations also require

Ṗ

LAGN /c

to reproduce M●-σ (DeBuhr+)
CAFG & Quataert, arXiv:1204.2547

Momentum-conserving
shock with
ambient medium

tcool/tflow ≪ 1
No thermal pressure

wind
shock
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e.g., AGB wind

Energy-conserving

shocked
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medium
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*

Does this
cool?

Rsw

Hot gas does work

Pfinal ≫ Pstart
e.g., Sedov-Taylor SNR

very diff. ρ, T

Rc

Rs

CAFG & Quataert, arXiv:1204.2547

Proposal: AGN outflows are E-conserving

Two-stage

Radiation pressure accelerates BAL wind
with Ṗ ⇠ LAGN /c
(assume)
Energy-conserving wind bubble boosts by
factor ~10-15
(show)

•

Non-trivial because of high ambient gas densities and intense
radiation fields in ULIRG nuclei, suggestive of short cooling times
(c.f., King 2003, Silk & Nusser 2010)

•

Possible because shocked BAL winds Tsw~109-1010 K: hard to cool

Cooling of BAL shocked wind
AGN shocked wind cooling example

shocked
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medium
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shocked
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vin
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*

~1010
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e-

Rs
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Rsw
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•

e- cool via inverse Compton
(free free, line negligible), p+
provide pressure

•

Coulomb collisions limit p+
cooling (robust to collisionless proc.)
CAFG & Quataert, arXiv:1204.2547
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Figure 4. Equivalent width, central velocity, FWHM, and v98% maps of N i D. A nuclear outflow extends from the nucleus up to 2–3 kpc in all di
in the plane of the sky). The high velocities suggest that the AGN powers the nuclear wind. The northern quadrant of the nuclear wind is furth
radio jet. A lower-velocity starburst-driven outflow is present in the south.
(A color version of this figure is available in the online journal.)

•
•

Observed
AGN-driven
molecular
outflows
are
in E-conserving
limit
is coupling
to the nuclear wind,
accelerating
and show kpc-scale
extents (Martin 2006;
Shih & Rupke
2010).
They have !v98% " = −450 km s−1 in systems whose infrared
luminosity is dominated by star formation (Rupke et al. 2005c;
Martin 2005). Rupke et al. (2005c) calculate that ULIRG mass
outflow rates are 20% of the star formation rate on average.
However, evidence has remained elusive for large-scale outflows
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E-cons. in more extreme conds)

Energy conservation naturally
explains measured AGN momentum boosts

•

vin = 0.1c

Predicts
Ṗ

1
⇠
LAGN /c
2

✓

nuclear wind speed
galactic wind speed

◆

E cons.

•

To be tested with radio, FIR,
optical, and UV spectroscopy

P cons. (1 scatt limit)
galactic wind speed (km/s)

CAFG & Quataert, arXiv:1204.2547

Shocked wind bubbles in Type II QSOs
SDSS J1356+1026

[OIII] 5007

Greene, Zakamska, & Smith

50 kpc

10 k

pc

al Journal, 746:86 (10pp), 2012 February 10

r-band Magellan acquisition image of SDSS J1356 + 1026 and its immediate environment. Red scale bar indicates 10!! (22 kpc) and blue lines
f the two spectroscopic slits. N is up and E is to the left. The observation taken with the N–S slit is PA1 and the one with the SE–NW slit is PA2.
ensional spectrum centered on [O iii]λ5007 taken at the N–S slit position. The vertical scale is the same as that of the image on the left. The full
842 km s−1 centered at 5010 Å (rest frame). The “bubble” feature that is the focus of this paper is the round feature to the south of the continuum
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the north,
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thethe
online

5,000 km/s

Zakamska+ in prep.: 30-50 kpc ionized nebulae with outflow
kinematics around every L ~10 -10 erg/s Type II QSO?

agent is offset from nucleus N by ∼ 2!! , thus the outflow is detached from the continuum source. While the acceleration arises from nucleus N, we s
outflowing region, starting at the open circle at the origin. Overplotted is a schematic model of a quasi-spherical outflow that is decelerated at its base
through continuum sources N and S. The velocity along the flow increases with radius from source N with a power-law dependence υ ∝ r n . We
with n = 1 (red dash-dot), n = 1.5 (blue dotted) and n = 2 (green dashed).
46This model
47 yields a maximum outflow velocity of ∼ 1000 km s−1 . Right:
AGN
cartoon illustrating our best guess of the system geometry,
including the two continuum sources, the Bubble to the south, Clumps to the north, and
in the plane of the sky relative to the observer. The circle indicated the origin of our model to the left.

ating agent, as has been proposed for NGC 3079 (Cecil et al.

Greene+12
ionized by the quasar along an unobscured
direct

Shocked wind bubbles in the Milky Way

Su & Finkbeiner (2012): evidence for a γ-ray jet

Summary

•

Observations of galaxy-scale AGN outflows indicate

Ṗ

LAGN /c

•

Proposal: galaxy-scale outflows are energy-conserving

•

1
⇠
Prediction:
LAGN /c
2

✓

•

Physics to inform numerical simulations

•

UV spectroscopy probes atomic outflows, can test model

Ṗ

nuclear wind speed
galactic wind speed

◆

Extra Slides
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observed galaxy-scale
outflows, e.g.
Mrk 231
km/s
Thin curves neglect 2T effects

Solid=E conserving
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Figure 4. Equivalent width, central velocity, FWHM, and v98% maps of N i D. A nuclear outflow extends from the nucleus up to 2–3 kpc in all dire
in the plane of the sky). The high velocities suggest that the AGN powers the nuclear wind. The northern quadrant of the nuclear wind is further
CAFG & Quataert, arXiv:1204.2547
radio jet. A lower-velocity starburst-driven outflow is present in the south.

Robust to mixing, leakage

•

Stellar wind bubbles smaller &
slower than in energy-conserving
0:30
models (Castor)

a

Carina nebula

➡ cooling due to mixing (McKee+84)0:00

•

AGN winds more robust

Galactic Latitude

➡ hot gas vents out (H.-C. & Murray-0:30
09)

➡ ~30× wind mass of cool gas
before ff cooling takes over

-1:00

-1:30

-2:00

➡ escape along paths <10-3 underdense can still boost P by factor
-2:30
>10 in ULIRGs

Smith & Brooks 07

CAFG & Quataert, arXiv:1204.2547

Robust to collisionless effects

•

•

L70

GHAVAMIAN, LAMING, & RAKOWSKI

Collective E&M processes can
heat electrons faster than
Coulomb collisions

Vol. 654

Electron/proton T ratio in SNRs

May be effective at the shock, but
likely damped on time scale ≪
relevant for wind cooling (Chang+08)

•

Only need Tp/Te~10: observed in
Ghavamian+07
Fig. 2.—Electron to proton temperature
ratio at the shock front as a function
of shock velocity for five Balmer-dominated SNRs. Magnetosonic Mach numbers
SNRs & solar wind, invoked in ADAFs
(M ) appropriate for typical ISM conditions are indicated along the top axis. The

Fig. 1.—Example of the optical spectrum of a Balmer-dominated shock,
showing the broad and narrow Ha lines characteristic of nonradiative shocks
in partially neutral gas. This spectrum, originally presented by Sollerman et
al. (2003), was obtained from the southwestern rim of the Galactic SNR RCW
86, with high enough spectral resolution (∼10 km s!1) to resolve the broad

S

data shown here were measured from Balmer-dominated shocks in the Cygnus
Loop, RCW 86, Tycho’s SNR (Ghavamian et al. 2001), SN 1006 (Ghavamian
et al. 2002), and DEM L71 (Rakowski et al. 2003; Rakowski 2005). The dashed
error bars for RCW 86 mark previously unpublished results. Below 400 km s!1

Hot bubbles

•

Galactic disks are thin (h/R~0.1 in ULIRGs)
expansion along path
of least resistance
nH~8 cm-3
(NH~1022 cm-2)

RS=1 kpc
vS.=1,000 km/s
P~15 LAGN/c

shocked
wind

nH2~104 cm-3

*

narrow CO (~90%)

LAGN=1046 erg/s
vin=0.1c, in=1
swept-up ISM
broad CO (~10%)

•

Wind bubbles expand preferentially ⊥ disk
CAFG & Quataert, arXiv:1204.2547

