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Figure 2. (Continued)

is unusually broad—26 Å FWHM in rest frame (i.e., ∼1560
km s−1). They also found strong Fe ii emission between Hγ
and Hβ. Subsequent higher resolution spectra showed that the
[O iii] line is double peaked (Chatzichristou et al. 1999; Canalizo
& Stockton 2000a)—in addition to the usual nuclear NLR at
the same redshift as the broad Hβ line, there is an anomalous
high-velocity narrow-line component 0.′′25 north of the nucleus,
precisely in the initial direction of the radio jet, but within the
region where the jet appears relatively unperturbed (Stockton
et al. 2007). Chatzichristou et al. (1999) also presented an
[O iii] λ5007 velocity map covering a large fraction of the EELR,
and they found no clear trends in the velocity field except for an
apparent rotation within 1′′ to the nucleus.

In addition to the IFUR data cube that was used to study
the high-velocity anomalous cloud and the 3C 48A (both are
within 1′′ from the nucleus), we obtained another IFUR data
cube covering the EELR clouds further north and an IFU2 data
cube covering the whole EELR (Figure 2(a); Table 2). As the
IFU2 observation has the most complete spatial coverage and
an excellent resolution, ideally we should construct a global ve-
locity field from the IFU2 data cube alone using the Hα line,
which is the strongest line covered by the cube. However, the
quasar was placed very close to the edge of the IFU2 FOV,
making it difficult to remove the quasar scattered light. There-
fore, we built a hybrid data cube by combining the [O iii] λ5007
region in the on-nucleus IFUR cube with the Hα region in the

IFU2 cube. First, the quasar was carefully removed using the
Lucy–Richardson technique from the IFUR cube. Second, we
shifted and interpolated the IFU2 Hα cube to accurately match
the velocities of the IFUR [O iii] cube, then we scaled the for-
mer by a constant to match the fluxes of the clouds 2′′ north of
the quasar, which were covered by both cubes, to those of the
IFUR cube. Finally, we rotated the IFUR cube and inserted it
into the IFU2 cube in the overlapping area of the two. Figure 3
shows the channel maps and the velocity field from this hybrid
data cube. Our velocity maps are in generally good agreement
with the previous integral field spectroscopy of Chatzichristou
et al. (1999),6 but they offer a much finer spatial and velocity
resolution. The highest relative velocities were observed in the
anomalous cloud 0.′′25 to the north and the group of three clouds
∼2′′ also to the north. The three-cloud group is also seen in the
original IFU2 data cube in Hα at the same relative velocities but
with much lower S/N. The high-velocity cloud near the nucleus
is also the only region where high velocity dispersions (σ ≫
100 km s−1) are seen.

We extracted a nuclear spectrum from the on-nucleus IFUR
cube with an 0.′′5 radius aperture centered on the quasar,
from which we measured the redshifts of the high-velocity
cloud and the NLR at systemic velocity. We found that (1)
the high-velocity and systemic components were at redshifts

6 Note that their relative velocities were calculated with respect to an
arbitrary systemic velocity at z = 0.368.
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OUTFLOWS ARE A COMPLEX, MULTI-SCALE, MULTI-PHASE PHENOMENA



LUMINOUS OBSCURED QUASARS IN SDSS

Zakamska et al. 2006

Can use the strong and ubiquitous [OIII] λ5007 to 
select targets and estimate AGN luminosities 

Asymmetric [OIII] profiles from SDSS 
spectra are often associated with outflows

Zakamska+ 2003
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Mullaney+ 2013



SPATIALLY RESOLVED [OIII] OUTFLOWS

Spatially resolved 
ionized outflows 

and their kinematics 
in SDSS AGN 
(Hainline+’16)



MULTI WAVELENGTH FOLLOW-UP OF KPC-SCALE OUTFLOWS

Greene+ 2013; Greene+2014; Sun+16; Broome+in-prep
Hubble Broadband

[OIII kinematics]

ALMA  
Molecular Outflows CO

100ks Chandra 0.5-2keV

~10 kpc

Requires high spatial resolution  
imaging even at z~0.1
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IDENTIFYING EXTREMELY EXTENDED NL-REGIONS AT Z~0.5-1.5

The most [OIII] 
luminous QSOs all 

have extended 
emission line regions
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CRANKING UP THE POWER AT HIGH-REDSHIFT…

VLT X-Shooter : Zakamska+16

[OIII] velocities ~ 2000—5000 km/s !! Gemini GNIRS: Goulding+18; Alexandroff+18
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Outstanding questions:: 
1) What are the intrinsic luminosities of  ERQs? 
2) Can the wind affect the X-ray emitting corona? 
3) Does the wind obscure the central BH?



FOLLOW-UP X-RAY OBSERVATIONS OF A PILOT SAMPLE OF ERQS

Pilot Sample of ERQs (Goulding+18b)

Sample of 14 (16) ERQs at z~3:
• mixture of CXO/XMM
• 8 we were PI for (15ks)
• 8 archival + serendipitous (5-70ks)
• 6/7 have follow-up NIR spectra
• All 6 show powerful [OIII] outflows (>2000km/s)
• Mid-IR 6um luminosities ~1047 erg/s
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FOLLOW-UP X-RAY OBSERVATIONS OF A PILOT SAMPLE OF ERQS

CXO stack: 150ks; ~130 counts

Goulding+18

Scattered X-ray fraction ~ 5% 
NH~(0.5—1.5)x1024 cm-2

Mass outflow rate in the wind:

Resulting kinetic power of the wind:

?? ?
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KPC-SCALE OUTFLOWS AT REDSHIFT~2-3

Lynx X-ray Surveyor

Athena-X

50ks WFI 20ks HDXI

CXO (0.5Ms)

fscatt ~ 1% fscatt ~ 5%

Athena (50ks)

Lynx (20ks): d=3m; f=10m 
Lynx (20ks): d=6m; f=20m

The next generation of X-ray telescopes will explore  
the obscured quasar population at z~3 with similar  
observations & exposure times to those that are 
required for nearby AGN with today’s generation
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