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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.

—Dependence of the star formation history on the stellar mass. We
fic SFR (SFR/M! ) as an indicator of a star formation history. Galarger fraction of recent star formation will have a higher value of the
M–σ or even that a power-law form is the right model. The
relation from sample S. The distribution of the residuals appears
Instead
ofa normal
a single
value,
each
galaxy is
a full
two
onlyrepresented
assumption requiredwith
is that the
ridge line
of any M–σ
consistent with
or Gaussian
distribution
in logarithmic
relation that may exist does not change substantially across
mass, although the distribution is noisy because of the small
probability
function.
The dashed
line,) shown
reference,
represents
the rangefor
of velocity
dispersion. The
mean of the logarithmic
numbers. For a more
direct test of normality
we look at log(M

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
the standard plot. The bottom panel shows running modes from the top panel to-
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Prescription-based model successes

•

reproduce the M-σ relation and truncate star formation

Di Matteo+05

•

But, poor understanding of coupling mechanisms & scarce
observational constraints
Silk, Rees, Springel, Di Matteo, Hernquist, Hopkins, Wyithe, Loeb, ...
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What are FeLoBALs?
•
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What are BALs?

•

Broad absorption lines in QSOs:
➡ usually high-ionization SiIV, CIV
12

➡ blue shifted v~10,000 km/s, Δv~1,000s km/s
➡ R≲1 pc (variability)

•

TRUMP ET AL.

AGN outflows

accretion disk winds (Murray+95)

Seen in ~20% of QSOs (up to 40% in IR-selected samples)

Trump+06

What are FeLoBALs?

•

Subset of QSO BALs
No. 2, 2010
➡ absorption by low-ionization
species, including FeII

THE MULTI-COMPONENT
ABSORBER QSO 0318-0600
SDSS J0318-0600

➡ lower v~1,000-10,000 km/s,
Δv~100s km/s

•

Rare:
Dunn+10

➡ only ~1/500 of optical QSOs
have FeLoBALs

•

No real theory

Figure 1. Portion of the VLT spectrum showing the Fe ii UV 38 multiplet in SDSS J0318−0600 (the full spectrum can be found onl
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, and
s of cm−1 ). The spectrum error is plotted in solid black below the spectrum (≈0.05 in normalized flux)
(A color version and the complete figure set [35 images] are available in the online journal.)

3.2. Column Density Deter

Table 2
Detected Absorption Lines in QSO 0318−0600
Ion

Wavelength

log gf

Elow

glow

Components
Measured

Referencea

With a list of measurable absorption tr
column densities. We begin the process b

Species

Elow (cm−1 )

FeLoBALs are particularly well-suited for
photoionization modeling

•
•

Al ii
Al iii
C ii
C ii
C iv
Fe ii
Fe ii
Fe ii
Fe ii
Fe ii
Fe ii
Fe ii
Fe ii
Mg ii
Mn ii
Ni ii
Ni ii
Si ii
Si ii
Si iv

0
0
0
63
0
0
385
668
863
977
1873
2430
7955
0
0
0
8394
0
287
0

Comp. a
116.1 ±
46.0 ±
333 ±
577 ±
734 ±
<40

0.1
0.4
11
21
10

Fine structure lines of FeII and HeI have orthogonal dependences
on ne and T
28.7 ± 0.1
Observations (Lbol=1046.7-47.7 erg s-1) + photoionization modeling
101 ± 3
<50
(Cloudy) have revealed (Moe+09, Dunn+10, Bautista+10):
145 ± 6
➡

ne~104

ne diagnostic for QSO 2359-1241

cm-3

➡ T~104 K
➡ NH~1020-21 cm-2
➡ R~1-3 kpc

(distance from SMBH)

➡ ΔR~0.01 pc

(absorber thickness)
Bautista+10
Figure 2. Electron density diagnostics from Fe ii in QSO 2359–1241. The ratio
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Figure 2. Electron density diagnostics from Fe ii in QSO 2359–1241. The ratio
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In principle, can derive mechanical properties
of the QSO wind

•

Common assumption of partial, cold thin shell (e.g., Arav 10)

Ṁshell =

BAL
8πΩRNH µmp v

1
2
Ėk = Ṁshell v
2

⇒ ĖK ∼ 0.05 − 1% Lbol for Ω=0.2 (Moe+09, Dunn+10, Bautista+10)

•

But:
➡ can we understand the implied FeLoBAL properties (esp.,
ΔR/R~10-5)?
➡ what is the proper way of relating the observations to the
underlying quasar outflows?

FeLoBAL must form in situ,
at R~kpc from SMBHs

•

If FeLoBALs traveled from the SMBH to their implied location...

tflow

•

R
≈
≈ 3 × 105 yr
v

�

R
3 kpc

��

v
10, 000 km s−1

�−1

But destroyed by hydro instabilities and thermal evaporation in

tKH ≈ 630κ yr
3

tevap ≈ 6 × 10 yr
CAFG, Quataert, & Murray, submitted

Radiative shock model outline

•

FeLoBALs can form in situ via interaction of a quasar blast wave
with an interstellar gas clump

vsh

vsh

vsh
Tsh~vsh2

nH c,i, Tci

Tsh~vsh2

vsh,c

a
nH c,f, Tcf

nH pre, Tpre
QSO blast wave encounters moderately
dense ISM cloud.

Shock wave propagates in cloud on
crushing time tcc, cloud is destroyed
by K-H in tKH~20tcc, and is accelerated
to ~vsh in tdrag.

At t>tKH, tdrag, original cloud is shredded
into cloudlets traveling at ~vsh and
compressed by hot post-shock gas.

CAFG, Quataert, & Murray, submitted
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Cloud crushing by shocks,
Kelvin-Helmholtz instability

•

Well-studied problem for SNRs (e.g., Klein+94, Mellema+02, Cooper+09)

�
Figure 5. Logarithm ofext
the density through the y = 0 plane in model rfd384 showing the effect o
nH
∆R
(A color version of this figure is available in
vsh,c ≈ vsh
tcc ≈
t
∼
κt
KH
cc
c
nH
2vsh,c
CAFG, Quataert, & Murray, submitted

Requirements for producing FeLoBALs
in radiative shocks explain observed

•

Acceleration, cold gas:

tdrag < tKH
20
−2
⇒
NH � 10 cm
tcool < tcc

•

�

vsh
5, 000 km s−1

�4.2

Post-shock compression:
BAL
nH

≈

pre
4nH

�

Tsh
104 K

�

4

∼ 10 cm

−3

⇒ ∆R ∼ 0.01 pc
CAFG, Quataert, & Murray, submitted

Al iii
Ca ii
Ni ii

Other FeLoBAL model successes

•

FeII selects UH ∝

2 BAL
Lbol /R nH

∼ 10

−3

0
0
8394

− 10

0.07 ± 0.03

0.83 ± 0.04

−2

R~kpc in bright Lbol=1046.7-47.7 erg s-1 QSOs analyzed

•

Shredding of ISM clump
multiple components at
same R, but different v
supra-thermal line widths

•

Dust in clump

Bautista+10
Figure 1. Absorption troughs showing five and 11 clearly separated absorption
components in the spectra of QSO 2359–1241 and SDSS J0318–0600, respectively. The same components in velocity space seem to be present in all troughs
of the same object.

FeLoBAL QSOs are redder than average

of the outflows. The sample was extracted out of 50,000 objects
in the SDSS database as part of a major ongoing effort to study
the nature of quasar outflows and their effects on the host galaxy

CAFG, Quataert, & Murray, submitted

Implications for QSO feedback

•
•

Not a cold, thin shell outflow!
shocked
ambient
medium

Ṁhot =

•

shocked
wind

Most of kinetic power in hot flow:
hot
8πΩhot RNH µmp vhot

Can be estimated from FeLoBALs
assuming vhot~v and pressure eq.

⇒ Ėk ≈ 2 − 5% Lbol

nH pre

vin
QSO

FeLoBAL

*
Rsw
Rc

Rs

(vs. ~0.05-1% for shell approx;
Moe+09, Dunn+10, Bautista+10)
CAFG, Quataert, & Murray, submitted
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Ṁ ≈ 1, 000 − 2, 000 M

⊙

nH pre

Rs

yr−1
CAFG, Quataert, & Murray, submitted

ates the total signal, except for NGC 253) and re-calibrated
with a reference telescope spectrum obtained from dedicated
eptune observations during the Herschel performance verifition phase. All of our objects (except NGC 253) are point
urces for PACS. In the following, we use the spectrum of the
ntral 9## × 9## spatial pixel (spaxel) only, applying the pointurce correction factors (PSF losses) as given in the PACS docmentation. We have verified this approach by comparing the
sulting continuum flux density level to the continuum level
all 25 spaxels combined (which is free of PSF losses and
inting uncertainties). In all cases the agreement is excellent,
wever the central spaxel alone provides better signal-to-noise
io (S/N). We note for completeness that for NGC 253 the
al OH 79 µm line profile summed over all 5 × 5 spaxels
elds emission, consistent
with the Infrared
Space ObservaK
bol
ry Long-Wavelength Spectrometer observations by Bradford
al. (1999). (Feruglio+10, Fischer+10, Sturm+11,
In a next step
we have
performed
Rupke
& Veilleux
11) a continuum (spline) fit.
ue to the limited wavelength coverage these fits are somewhat
bjective. To help define continuum points and potential
ditional spectral features (such as the H2 O absorption line
78.74 µm, indicated with an arrow in Figure 1), we have
ed our full range spectra of Arp 220 and NGC 4418.
hese two sources will be analyzed in detail in forthcoming
(Chung+10)
pers, but preliminary data points for Arp 220 are included in
gures 2 and 3. We note here that NGC 4418 shows signatures
an inflow.

Notes. Estimated uncertainty for all velocities: ±150 km
a Fraction of the AGN contribution to L , where L
bol
bol =
b Gas mass (taken from Graciá-Carpio et al. 2011).
c Mass outflow rate (see the footnote of Table 2).
d Peak velocity of the blueshifted high velocity componen
e Velocity for which 85% of the outflowing gas has lower
f Terminal velocity.

FeLoBAL outflow properties agree well
with ULIRGs

•

Recent observations of outflows
in local ULIRGs also indicate

Ė ∼ few % L

•

(AGN)

But, debate over whether
powered by AGN or SF

•

Figure 2. Maximum outflow velocities (terminal velocities) as a function of star
formation rate (upper panel) and AGN luminosity (lower panel). The asterisk
denotes NGC 253 and the triangle denotes Arp 220.

(IRAS 17208−0014), warm ULIRGs (S25/S60 > 0.1)
and/or ULIRGs with strong AGN contributions (Mrk 231
IRAS 13120−5453, IRAS 14378−3651), and a heavily obscured ULIRG (IRAS 08572+3915), which hosts a powerful
Sturm+11
AGN (e.g., Veilleux et al. 2009, hereafter V09).

FeLoBALs
demonstrate that AGN
3. TARGETS
For this first
study
of outflow
signatures
in our the
data
can
couple
to ISM
& drive
4. RESULTS AND DISCUSSION
e use a sub-sample that is mainly constrained by the
Figure
1 shows
OH
line
serving schedule
of Herschel,
but that covers
a broad
observed
galaxy-scale
outflows
Figure
3. Upper
panel:the
the (continuum-normalized)
ratio of the mass outflow rate to
the 79
SFRµm
vs. SFR

nge of AGN and starburst activity, including a starburst
mplate (NGC 253), a cold, starburst-dominated ULIRG

spectra
fordepletion
all objects.
For vs.
NGC
we show
the central
spaxel
lower panel:
timescale
AGN253,
luminosity.
Symbols
are as in Figure
2
only. The Mrk 231 spectrum is taken from Fischer et al. (2010)

Summary

•

FeLoBALs probe QSO outflows

•

Radiative shock, cloud crushing model explains all the
observed FeLoBAL properties (not regular BALs / disk winds!)

•

Model + observations ⇒ Ėk ≈ 2 − 5% Lbol

•

Provides support for (sub-resolution) M-σ models

•

Energetics consistent with ULIRG molecular winds

