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Part	
  I:	
  Luminous	
  Infrared	
  Galaxies

• Massive,	
  gas-­‐rich	
  galaxy	
  
mergers

• Possess	
  an	
  elevated	
  rate	
  
of	
  star	
  formation

• Often	
  contain	
  Active	
  
Galactic	
  Nuclei

• Dominant	
  contributor	
  to	
  
the	
  IR	
  luminosity	
  density	
  
at	
  high	
  redshift

VV	
  250a

LIR 8−1000µm[ ] ≥1011LSUN



GOALS	
  (Armus+	
  2009)

• Complete	
  subset	
  of	
  RBGS	
  (Sanders+	
  2003)
• ~180	
  LIRGs	
  &	
  ~20	
  ULIRGS	
  (	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  )
• Targeted	
  for	
  Multiwavelength science	
  by	
  
Chandra,	
  Galex,	
  Hubble,	
  Spitzer,	
  Herschel, and	
  
VLA.

• My	
  contribution	
  is	
  near-­‐infrared	
  spectroscopy	
  
from	
  TripleSpec

LIR ≥10
12LSun



GOALS	
  -­‐ TripleSpec

• 59	
  spectra	
  in	
  42	
  LIRG	
  systems.
• 13/59	
  from	
  Apache	
  Point	
  Observatory.
• 46/59	
  from	
  Palomar	
  Observatory.
• 1	
  – 2.5	
  um	
  in	
  a	
  single	
  pointing.



Science	
  Drivers

• Gas	
  Excitation:Diagnosis	
  of	
  Shock	
  or	
  
Photoionization	
  emission	
  via	
  ratios	
  of	
  
emission	
  lines.

• Hidden	
  AGN:	
  Broad	
  Line	
  Regions	
  (BLRs)	
  or	
  
Coronal	
  Lines	
  not	
  visible	
  due	
  to	
  dust	
  
extinction	
  in	
  optical	
  observations?

• Gas	
  Kinematics:	
  Evidence	
  of	
  rotation	
  (=	
  
dynamical	
  mass	
  estimate)	
  or	
  nuclear	
  
outflows?	
  



Data
26

F
ig.

2.-1.—

• Dominated	
  by	
  strong	
  
narrow	
  emission	
  from	
  
Paschen and	
  Brackett	
  
recombination	
  lines,	
  [S	
  
III],	
  He	
  I,	
  [Fe	
  II],

• K	
  band	
  contains	
  many	
  
lines	
  of	
  warm	
  H2

• Often	
  strong	
  absorption	
  
features	
  from	
  the	
  
evolved	
  stellar	
  
population



NIR	
  Diagram	
  
(Larkin+	
  1998)

64 LARKIN ET AL. Vol. 114

extrapolated from the measured Ha Ñuxes that are signiÐ-
cantly higher than these absorption corrected values. This
probably indicates that the average absorption correction is
too small, and these galaxies have absorption strengths
closer to that found for A-type stars. These galaxies may,
therefore, have younger stellar populations than the three
galaxies used in determining the amount of absorption.
These Ðve galaxies are among those with strong [Fe II]
detections. Although highly suggestive, it is important to
remember that the expected Pab Ñuxes are extrapolated
from Ha and Hb measurements, and unexpected factors
such as unusual line ratios or patchy extinction could be
a†ecting these values.

3.3. [Fe II] and L ine RatiosH
2

As a Ðrst step in the analysis of the [Fe II] and emis-H
2sion lines, we calculate the [Fe II]-to-Pab and H

2
-to-Brc

line Ñux ratios and compare them to other galaxy types in
the literature. Although these line Ñux ratios are reddening
insensitive in principle, the Pab and Brc line Ñuxes are
dependent on the ratio of Ha to Hb used to infer If theA

V
.

extinction were very patchy toward the nucleus or had an
unusual wavelength dependence, these line ratios could be
biased. The ratios of [Fe II] to Pab are shown in column (6)
of and the to Brc ratios are similarly given forTable 3, H

2each galaxy in column (7). These use the extrapolated Pab
and Brc values discussed in In principle, these values° 3.1.
can be treated as ratios to the optical Ha Ñuxes corrected
for extinction and aperture size and then scaled to the rela-
tive Pab- or Brc-to-Ha intensity. This also allows for easy
comparison with other emission-line ratios that use Ha or
Hb.

plots [Fe II]/Pab versus for the LINERsFigure 2 H
2
/Brc

and other objects taken from the literature. It is important

FIG. 2.ÈFor all of the objects in this sample plus many objects from the
literature, the ratio [Fe II]/Pab is plotted against the ratio There isH

2
/Brc.

a strong linear correlation between these two ratios for the galaxies
included, regardless of class, even though some of the Seyfert 2 galaxies lie
signiÐcantly below the correlation. Several galactic SNRs are also plotted
and usually have unusually strong [Fe II]/Pab Ñux ratios as compared to
galaxies with similar ratios. Also, NGC 7479, which is often classi-H

2
/Brc

Ðed as a Seyfert 2, is much weaker in [Fe II] compared to than theH
2correlation predicts.

to remember that several of the objects such as Arp 220 and
NGC 5128 (Cen A), although they are marked as LINERs
and do satisfy the LINER spectral criterion, are very di†er-
ent types of objects from the ““ classical ÏÏ LINERs included
in this survey. However, it is also true that the LINER
classiÐcation may apply to a diverse group of objects and
that the relation of objects like Arp 220 and NGC 5128 to
the lower power LINERs may be very enlightening. Several
of the LINERs have both ratios signiÐcantly higher than
most other objects. For all included galaxies, regardless of
galaxy type, a linear correlation is also evident over a range
in ratios of more than 100. The one exception is the LINER
NGC 7479, which has weaker [Fe II] emission than other
LINERs given its large H

2
/Brc.

The points for the supernova remnants (SNRs) in Figure
are for small apertures on individual Ðlaments and may2

not represent the global ratios in these objects. One of the
SNRs in is the Cygnus Loop, where the excitationFigure 2
is thought to arise from an unusually fast shock with a
magnetic precursor penetrating a low-density environment
(2 cm~3) et al. The other SNR points are(Graham 1991).
from various locations in the Crab Nebula, where Graham
et al. argue photoionization, not shock heating, is the(1990)
dominant emission source. The SNR with the largest

is IC 443, where the emission is believed to beH
2
/Brc H

2shock excited Wright, & Longmore(Graham, 1987).
plots versus O I/Ha for all of the classicalFigure 3 H

2
/Brc

LINERs and for many galaxies in the literature. etMouri
al. found a linear correlation for starburst and Seyfert(1989)
galaxies between the and O I (6300 lines, and theH

2
Ó)

LINERs in this sample appear to extend the linear corre-
lation to higher values by a factor of 2 or more, although
there is signiÐcant scatter. For the galaxies NGC 4258 and
NGC 4826, the O I/Ha ratio is close to that found in Seyfert
galaxies, and the upper limit on emission also groups theH

2objects with Seyferts. This is not unexpected since both are
considered prime candidates for dwarf Seyferts (Filippenko
& Sargent Seven objects have an ratio above1985). H

2
/Brc

3, including six LINERs and the unusual object NGC 6240,

FIG. 3.ÈFor all of the objects in this sample plus all available objects in
the literature, the ratio is plotted against the ratio O I/Ha.H

2
/Brc

[Fe	
  II]	
  traces	
  extended	
  shocks	
  
because	
  Fe	
  is	
  typically	
  found	
  
in	
  solid	
  phase.

H2 is	
  also	
  excited	
  in	
  
extended	
  partially	
  ionized	
  
zones	
  created	
  by	
  shocks.	
  
(However	
  it	
  may	
  also	
  be	
  
excited	
  via	
  UV	
  fluorescence	
  
from	
  hot	
  young	
  stars.)



NIR	
  Diagnostics

Empirical	
  
comparison	
  to	
  
low	
  luminosity	
  
(i.e.,	
  not	
  very	
  
dusty)	
  galaxies	
  
(star	
  forming	
  
and	
  LINERs)	
  
and	
  a	
  
supernova	
  
remnant.
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FIG. 2.ÈDereddened Ñux ratios. The H II regionÈlike galaxies (““ H II ÏÏ)
are located to the left of the solid curve while LINERs (““ L ÏÏ) and Seyfert 2
galaxies (““ S ÏÏ) are located on the right. Seyfert 2 galaxies present [O III]
j5007/Hb º 3 (solid horizontal lines). Seyfert 1 galaxies are not shown in
the diagrams.

the objects of high ([O III] j5007/Hb º 3) and low ([O III]
j5007/Hb ¹ 3) excitation. The Ðrst group represents the
““ classic ÏÏ Seyfert 2 galaxies, while galaxies in the second
group were classiÐed as LINERs. This LINER deÐnition
di†ers from the original deÐnition of Heckman (1980),
which partly relies on the strength of the [O II] 3727 lineA!
(this line is outside the wavelength range of our spectra).
However, results from spectroscopic studies of optically

selected objects (e.g., Veilleux & Osterbrock 1987) suggest
that the two ways of deÐning LINERs are often (close to
95% of the time) equivalent. Finally, galaxies with Fe II

multiplets at jj5100È5560 and very broad (*VFWHM Z 2000
km s~1) H I Balmer and He I 5876 emission lines wereA!
classiÐed as Seyfert 1 galaxies.

Following VKSMS and KVS, ULIGs with double nuclei
were assigned the more Seyfert-like spectral type of the two
nuclei : galaxy pairs with spectral types H IIÈLINER,
H IIÈSeyfert 2, H IIÈSeyfert 1, LINERÈSeyfert 2, LINERÈ
Seyfert 1, and Seyfert 1ÈSeyfert 2 were classiÐed as LINER,
Seyfert 2, Seyfert 1, Seyfert 2, Seyfert 1, and Seyfert 1, respec-
tively. These widely separated interacting systems are more
common at lower luminosities (VKSMS; Kim 1995 ; Surace
1998 ; Veilleux, Kim, & Sanders 1999a). Consequently, this
classiÐcation method of the double-nucleus systems is con-
servative in the sense that it overestimates the fraction of
AGNs among the lower luminosity objects and thus cannot
explain the trends with infrared luminosity discussed below.

Of the 108 ULIGs that make up our spectroscopic
sample, 30% (32/108) were found to have spectra character-
istic of photoionization by hot stars (H II regionÈlike).
AGN-like emission lines were observed in 70% (76/108) of
the total sample including 9% (10/108) of Seyfert 1 galaxies,
21% (23/108) of Seyfert 2 galaxies, and 40% (43/108) of
LINER-like objects. These results were combined with the
measurements obtained by VKSMS for the LIGs from the
Bright Galaxy Survey (BGS; Soifer et al. 1987, 1989) to
search for systematic variations of the spectral types with
infrared luminosity. For this exercise, ULIGs were further
divided into two luminosity bins : 1012 L

_
¹ L IR \ 1012.3

and A summary of this analysis isL
_

L IR º 1012.3 L
_

.
given in Table 6 and plotted in Figure 3.

This Ðgure conÐrms the tendency noted by VKSMS and
KVS for the more luminous objects to be more Seyfert-like.
As noted by KVS, only one Seyfert 1 (NGC 7469) has L IR \
1012 whereas 48% (15/31) of the galaxies withL

_
, L IR º

1012.3 present Seyfert characteristics. The percentage ofL
_Seyfert 1 relative to Seyfert 2 galaxies increases with infra-

red luminosity (from D0% among LIGs to D50% among
ULIGs with This result is not compatibleL IR [ 1012.3 L

_
).

with the predictions of the standard uniÐcation model of
Seyfert galaxies, which purports that Seyfert 1 and 2 gal-
axies are basically the same kind of objects observed from
di†erent angles. The far-infrared emission in these objects is
believed to be emitted more or less isotropically and there-
fore does not depend on viewing angle (e.g., Mulchaey et al.
1994). The trend with infrared luminosity in our data can be
explained if the covering factor of the obscuring material in

TABLE 6

SPECTRAL CLASSIFICATION AS A FUNCTION OF L IR

log
AL ir

L
_

B
CLASSIFICATION \11a 11È11.99a 12È12.29 12.3È12.8

Number . . . . . . . . . . . . . . 29 68 77 31
H II region (%) . . . . . . 62 53 35 16
LINER (%) . . . . . . . . . . 31 32 41 35
Seyfert 2 (%) . . . . . . . . 7 13 21 23
Seyfert 1 (%) . . . . . . . . 0 2 3 26

a Data from luminous infrared galaxies in the BGS studied by VKSMS.

Optical	
  Diagnostic	
  Diagram

Seyferts

LINERs
H	
  II-­‐like

Extended	
  Shocks

Hi
gh
	
  Io
ni
za
tio

n
Veilleux,	
  Kim,	
  
&	
  Sanders	
  
(1999)



Optical	
  Classifications

LINERS:	
  Higher	
  
[Fe	
  II]/PaB

Seyferts:	
  
Intermediate

H	
  II-­‐like:Lower
[Fe	
  II]/PaB



Optical	
  ([O	
  I]/Hα)	
  vs.	
  Near-­‐IR	
  ([Fe	
  II]/Pβ)

• Direct	
  
comparison	
  
shows	
  rough	
  
correlation.

• Expected	
  as	
  
strength	
  of	
  low	
  
ionization	
  lines	
  
depends	
  on	
  
extended	
  
partially	
  ionized	
  
zones	
  created	
  by	
  
shocks	
  or	
  X-­‐Rays.



Optical	
  ([O	
  I]/Hα)	
  vs.	
  Near-­‐IR	
  (H2/Bγ)

• As	
  suggested	
  
by	
  the	
  Near-­‐IR	
  
diagnostic	
  
diagram,	
  the	
  
correlation	
  
between	
  H2/Bγ
and	
  [O	
  I]/Hα	
  is	
  
less	
  direct.



No	
  Strong	
  Broad	
  Recombination	
  Lines



NGC	
  1275 NGC	
  7469 NGC	
  7674

3	
  of	
  the	
  10	
  optical	
  Seyferts in	
  the	
  sample	
  show	
  
an	
  indication	
  of	
  faint	
  broad	
  recombination	
  
lines,	
  absent	
  in	
  the	
  H2 line.

Broad	
  Component	
  Fits	
  (Pβ)



Three	
  Broad	
  Components



Kinematics

• Gaussian	
  fits	
  show	
  22(27)	
  single(double)	
  
component	
  fits	
  to	
  Pa	
  β,	
  36(19)	
  for	
  Br	
  γ,	
  41(14)	
  for	
  
H2	
  S(1)	
  1-­‐0.



Blueshifted components	
  (outflows)

• Of	
  the	
  ensemble	
  of	
  detections	
  of	
  Paschen β,	
  five	
  
sources	
  show	
  evidence	
  for	
  outflows	
  in	
  excess	
  of	
  ~	
  100	
  
km/s.
– NGC	
  1275,	
  NGC	
  5104,	
  NGC	
  5256,	
  UGC	
  12150,	
  IC	
  5298

• Each	
  object	
  has	
  a	
  Seyfert or	
  LINER	
  optical	
  classification.
• Comparison	
  to	
  OH	
  119	
  μm a	
  la	
  Veilleux+	
  2013.

115

Fig. 3.7.— Velocity o↵sets from Pa� (top row) and H2 2.1213 µm (bottom row)
plotted against starburst luminosity, L

SB

, and AGN luminosity, L
AGN

.



Blueshifted components	
  (outflows)

• Only	
  NGC	
  5256	
  has	
  an	
  outflow	
  velocity	
  
comparable	
  to	
  the	
  highest	
  v	
  measured	
  in	
  OH	
  
119	
  um	
  by	
  Veilleux+	
  2013.

115

Fig. 3.7.— Velocity o↵sets from Pa� (top row) and H2 2.1213 µm (bottom row)
plotted against starburst luminosity, L

SB

, and AGN luminosity, L
AGN

.



NGC	
  5256	
  
The Astronomical Journal, 144:125 (43pp), 2012 November Mazzarella et al.

Figure 1. HST ACS I band and B band images combined to form a color composite image of the Mrk 266 system and its tidal features. North is up and east is left.
The image field of view is 1.′4 × 1.′6, with a scale bar in the lower left corner. The color table has been chosen to maximize contrast for faint extended structures. The
limiting surface brightness is 25.0 and 24.5 mag arcsec−2 in the B and I band, respectively. Labels identify major structures that are studied throughout this article.
(A color version of this figure is available in the online journal.)

X-ray properties alongside observations at other wavelengths,
the data were taken from the Chandra Data Archive20 (Ob-
sID: 2044) and re-processed using standard procedures in CIAO
4.0. The data were corrected for detector response and converted
to flux density (fν) units. Details of the data reduction proce-
dures can be found in Iwasawa et al. (2011). Figure 3 shows the
resulting full band (0.4–7 keV) image, the hard band (2–7 keV)
image, a smoothed version of the full band data, and the 20 cm
radio continuum image from Mazzarella et al. (1988). Figure 4
illustrates apertures with parameters listed in Table 1 that were
used to define regions of interest, and Figure 5 shows the X-ray
spectra constructed in these regions.

2.3.2. XMM-Newton Observations

X-ray observations with XMM-Newton, reaching significantly
higher energies (10 keV) than Chandra (7 keV), were acquired

20 http://cxc.harvard.edu/cda/

with the European Imaging Photon Camera (EPIC) on 2002
May 15 (PI: A. Read). The data obtained with the EPIC
pn-CCD camera were utilized, providing an angular resolution
of ∼6′′ FWHM and a spectral resolution of (E/δE) ∼ 40. The
observation was performed with the Thin Filter in the extended
full-window imaging mode. The data set (0055990501) was
taken from the XMM-Newton Science Archive21 and processed
with standard procedures in the software packages SAS 8.1
and HEASoft 6.6 utilizing the latest calibration files (as of
2009 January). Time intervals with high particle background
levels were discarded, leaving useful data with an effective
exposure time of 13.2 ks. The count rate in the 0.4–10 keV
band is 0.19 count s−1. The X-ray emission is only marginally
resolved by XMM, therefore the spectrum for the total system
emission within a large aperture of 45′′ radius is produced here.
Figure 6 shows the resulting XMM spectrum of the integrated

21 http://xmm.esac.esa.int/xsa/

4

Figure	
  2	
  from	
  
Mazzarella+	
  12

Figure	
  3	
  from	
  
Mazzarella+	
  12
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Figure 2. Result of stacking images in the B, V , and I bands obtained with the
University of Hawaii 2.2 m telescope (effective seeing ∼1.′′5 FWHM). The field
of view is 150 kpc × 150 kpc (4.′2 × 4.′2), and a scale bar is provided in the
lower left. Faint, low surface brightness emission spanning 2.′9 (≈103 kpc) is
detected.

(a) (b)

(c) (d)

Figure 3. X-ray and radio continuum emission in Mrk 266: (a) Chandra
0.4–7 keV (full band) X-ray image; (b) 2–7 keV (hard band) X-ray image;
(c) 0.4–7 keV X-ray data (same as panel (a)) smoothed with a 2 pixel Gaussian
kernel; and (d) 20 cm radio continuum image (VLA) from Mazzarella et al.
(1988). The scale bar indicates 10′′.
(A color version of this figure is available in the online journal.)

emission from the system. Key features include Si xiii Kα
(1.853 keV) emission, as also observed in the Chandra spectra
of the two nuclei (Figure 5), and strong Fe Kα line emission
at 6.4 keV.

Figure 4. Elliptical apertures used to define regions of interest for extraction of
X-ray spectra from the Chandra data: Mrk 266 NE (“NE”), Mrk 266 SW (“SW”),
the central region between the nuclei (“Cen”), the Northern Loop (“Loop”), and
surrounding diffuse emission (“Dif”). The two ellipses marked with red lines
indicate regions subtracted from the ellipse labeled “Dif” to estimate the diffuse
component. Parameters for the regions are listed in Table 1. A circular aperture
of radius 33′′ used to measure the integrated system flux is not illustrated.
(A color version of this figure is available in the online journal.)

Table 1
Elliptical Apertures for X-Ray Measurements

Region R.A., Decl. a b/a P.A.
(J2000) (′′) (◦)

(1) (2) (3) (4) (5)

SW (13:38:17.31,+48:16:31.9) 1.7 1.00 . . .

NE (13:38:17.82,+48:16:41.2) 1.7 1.00 . . .

Center (13:38:17.66,+48:16:35.8) 6.9 0.47 155

Loop A (13:38:17.15,+48:16:57.2) 4.5 0.32 10

Loop B (13:38:17.83,+48:17:01.4) 4.7 0.68 75

Diffusea (13:38:18.71,+48:16:34.2) 22.5 0.84 80

Diffuse −1 −(13:38:17.49,+48:16:36.3) 4.6 0.61 25

Diffuse −2 −(13:38:18.07,+48:16:33.6) 2.5 1.00 . . .

Total (13:38:17.66,+48:16:35.8) 33.0 1.00 . . .

Note. a The diffuse emission is approximated by the flux within this large ellipse
after subtraction of the flux in the two small ellipses in the following two rows,
which are proceeded by a minus sign in this table and marked with red lines in
Figure 4.

2.3.3. X-Ray Measurements

Spectral measurements and results from continuum model
fitting of the Chandra and XMM-Newton observations are
presented in Table 2. The sum of the emission in the elliptical
regions misses some low surface brightness emission that is
recovered in measurements of the total system in a circular
aperture with a radius of 33′′. The total system fluxes measured
by Chandra are, within the uncertainties (i.e., 20% in Fx(soft)
and 30% in Fx(hard)), in agreement with the XMM total flux
measurements listed in Table 2. There may be some contribution
of photoionized gas (by the AGNs) in the soft X-ray emission,
but the signal-to-noise ratio (S/N) is insufficient to fit this

5

Outflow	
  driven	
  bubble	
  seen	
  in	
  
Xray,	
  Radio,	
  and	
  Optical!



Summary
• 42	
  low	
  redshifts	
  LIRGs	
  were	
  surveyed	
  with	
  near-­‐IR	
  spectrograph	
  

TripleSpec.
• [Fe	
  II]/Paβ	
  vs.	
  H2/Brγ ratios	
  of	
  this	
  sample	
  overlaps	
  with	
  normal	
  star-­‐

forming	
  galaxies	
  and	
  the	
  optical	
  diagnostic	
  classification	
  (Veilleux&	
  
Osterbrock 1987,	
  Veilleux+	
  1999)	
  correlates	
  with	
  the	
  value	
  of	
  the	
  [Fe	
  
II]/Paβ	
  ratio,	
  with	
  higher	
  values	
  being	
  associated	
  with	
  LINERs.

• Consistent	
  with	
  the	
  correlation	
  to	
  optical	
  classifications,	
  [Fe	
  II]/Paβ	
  values	
  
of	
  the	
  sample,	
  rather	
  than	
  H2/Brγ,	
  correlate	
  more	
  closely	
  with	
  [O	
  I]/Hα,	
  [N	
  
II]/Hα,	
  and	
  [S	
  II]/Hα.	
  

• Five	
  of	
  the	
  42	
  LIRGs	
  surveyed	
  show	
  evidence	
  of	
  outflows	
  in	
  Paβ	
  with	
  
velocities	
  >	
  100	
  km/s.	
  Outflow	
  velocities	
  are	
  significantly	
  less	
  than	
  what	
  is	
  
seen	
  OH	
  119	
  μm– perhaps	
  a	
  result	
  of	
  the	
  ability	
  of	
  the	
  far-­‐infrared	
  line	
  to	
  
probe	
  regions	
  closer	
  to	
  the	
  obscured	
  energy	
  source.


