
Submillimeter Galaxies at z~2 !
with Keck/OSIRIS Laser-guide Star Adaptive 

Optics Spectroscopy"

Karín Menéndez-Delmestre"
 Valongo Observatory, "

Federal University of  Rio de Janeiro, Brazil"
"

Andrew Blain, Mark Swinbank, Ian Smail, Rob Ivison, 
Scott Chapman, Thiago S. Gonçalves"

!"#$#%"&'(")*"+,-".",./)0.12345.6785.9:95.3;3.



SMGs in the “big picture”"
•  <=+"->/?@#/))A'%"B#"%.7@7C)/?@#.@D.+,-@#E.+C=**."*FG"-+.

•  6,.B-+,5.HIJKL6.E/)/MF"+N5.#@O.PC#%-"%+.@D.%","Q?@#+./=@C#%.OF,P.

%FR"-"#,.F#+,-C*"#,+0.

•  !
Z
.[3233!◉..

\"0E05.T/F#)F#"]32^
5.
I_`+[321.'.324.!◉aA-...\JP/7*/#]2;5.IOF#=/#b]2c^.

•  d-@E"#F,@-+.@D.,@%/Ae+..*@+,.*/++F>".E/)/MF"+.\"0E0.fF))A]gg^.

•  6SV.+FE#/,C-"+.F#.@7,.a.#"/-'U`.a.h'-/A.

!
-"+,

.kµ*l.

_
)C
M
.k
*
8A
l.

: j 31.

\L-/#%).",./)0.122:^.

I!S.Q@*7@+F,".

!"#$#%"&'(")*"+,-"]2g.

.

/)+@m.fC,&]2;5..

!"#$#%"&'(")*"+,-"]295.

n/)F/#,"]295.d@7"]2j.

!.I,/-=C-+,./#%.

6SV.Q@"MF+,o.

.

\JP/7*/#]2;i.IOF#=/#b]2ci.6)"M/#%"-]2;5.]2j5.

f/F-%.",./)0.1232i.S"@-E/#,@7@)@C+]33i.8@P#+@#]34^.

.

11.I!S+.

8C)A.39.1234..ST.12345.UV6<W . . . . . . . . . . .X/-Y#.!"#$#%"&'(")*"+,-".



•  LC,.6SV.7-"+"#Q".

*/A.7@))C,".T".)F#".
! d-"+"#Q".@D.=-@/%.T".

)F#"+.F#.I!S+.

•  6G"*7,+.P/>".=""#.

*/%".,@.%F+"#,/#E)".

,P".6SV.Q@#,-F=C?@#.

=A.F#Q)C%F#E./.=-@/%.

Q@*7@#"#,p.%FqQC),.

!"#$%&'%()*#"*++,-./('+0/1%"&2'.3*#"'&4%"#%"(%1"567+#%#'%
1"(/&#*&8+/%9:;-6'&#."<7#"'&=!

IOF#=/#b]2c.

!
-"+,

.kµ*l.

_
)C
M
.

30 SMGs L-@/%.T"..

•  T".)F#".7-@7"-?"+.Q/#.=".C+"%.,@.%"-F>".%A#/*FQ/).*/++"+./#%.I_`+.

Near-IR AGN signatures in SMGs"

8C)A.39.1234..ST.12345.UV6<W . . . . . . . . . . .X/-Y#.!"#$#%"&'(")*"+,-".



•  6.P/#%DC).@D.I!S+.P/>".=""#.@=+"->"%.OF,P.

U_K.F#+,-C*"#,+..

.

.
SVU`I.@=+"->/?@#+.@D.I!!.8242119.

r.&s30c29.\IOF#=/#b]2:^.

VUJ!<I.T'=/#%5.

SVU`I.T".Q@#,@C-+..

_tT!.IFU view of  SMGs !
(seeing-limited)"

Integral Field Spectroscopy of 2.0<z<2.7 Sub-mm Galaxies; gas morphologies and kinematics 7

Figure 3.Maps of the properties of the Hα emission lines for each of the 5 sources observed with NIFS. Left to right: The Hα intensity, Hα velocity and Hα
velocity dispersion maps, and the available imaging (we show HST imaging if it is available otherwise we display the ground based K band imaging). For
SMMJ0332−2755 imaging in the i,j and k bands are available therefore a 3 colour image is displayed. The boxes marked by the red dashed lines represent
the field of view of NIFS on the imaging. Top to bottom: RGJ0331−2739, SMMJ0217−0505, SMMJ0333−2745, SMMJ2218+0021, SMMJ0332−2755.
The green dotted lines mark the division into components, labelled as ‘a’ and ‘b’. The yellow circles indicate the FWHM of the seeing dominated PSF from
observations of the standard stars. This estimate from the standard stars is, however, likely better than what is achieved during the long science exposures.
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Figure 4. continued.

profile, allowing the normalisation, width and central wavelength
to vary. We defined zero velocity at the central wavelength of the
narrowest Gaussian component in the galaxy-integrated spectra.

The flux maps in Fig. 4 show that the observed emission-line
regions of these sources are diverse and irregular, with at least two
sources showing spatially distinct emission-line regions, indicat-
ing multiple interacting or merging systems (SMMJ0217−0503
and SMMJ1636+4057). The [O III] emission is observed to be
extended up to ≈20 kpc. The velocity fields and FWHM maps in
Fig. 4 show that there are regions dominated by narrow [O III]
emission (≈ few hundred km s−1) with modest velocity gradi-
ents (!v!200 km s−1). There are also regions which are kinemati-
cally chaotic, extended up to 15 kpc in spatial extent, with extreme

widths (700! FWHM! 2500 km s−1) and large velocity offsets
(!v up to ≈1700 km s−1).

The velocity fields and FWHM maps in Fig. 4 were created
using single Gaussian components and do not separately trace the
broad and narrow [O III] emission line components observed in
the galaxy-integrated spectra (Fig. 3). Instead they roughly trace
the brightest [O III] kinematic component. For example, we will
show that although the source SMMJ1237+6203 looks to have
fairly quiescent kinematics in Fig. 4, the extremely broad and high-
velocity [O III] component seen in the galaxy-integrated spectrum
(FWHM≈1000 km s−1; !v ≈ −350 km s−1; Fig. 3) is found over
the central 5–8 kpc (see also Alexander et al. 2010). In the follow-
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Figure 2-1: OSIRIS Spectrograph Optical Configuration 
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4 MENÉNDEZ-DELMESTRE ET AL. 2013

Fig. 1.— Distribution of Hα emission in SMMJ030227.73, where North direction is up and East is left. (Left:) OSIRIS
Hα intensity contour map (inner/outer surface brightness contours corresponding to ∼ 50/10σ) overlaid on a multicolor HST-
WFPC2/NICMOS (B-/H-band) image. Hα emission is dominated by a compact knot, with diffuse line emission stretching
towards the red continuum-emitting knot in the south-western direction. We note that the OSIRIS field of view does not cover
the full extent of the background image, but stops short of proper coverage of the red knot. (Right:) Flux-calibrated map of
(projected) SFR surface density prior to any extinction correction, where the broad-line Hα emission has been subtracted (see
§2.1 for details). Note that the Hα emission is concentrated in multiple clumps. Labels indicate distinct Hα-bright regions that
dominate the diffuse Hα emission. We study these regions individually. The solid circle on the bottom left corner is the FWHM
of the TT star taken just prior to the science exposures to represent the PSF of the observations; the horizontal bar represents
1 kpc at the redshift of the target.

tuned carefully to each object, in order to eliminate spu-
rious elements from the resulting maps. We produce Hα
intensity maps by collapsing the final science data cube
along the dispersion direction, stacking the science data
cube’s flux over a range ∆v ! 1000− 2000 km s−1 cen-
tered at the redshifted Hα line. In Figs. 2, 4, 6 we show
Hα velocity and line-width maps with overlaid Hα in-
tensity contours for SMM J030227.73, SMM J123549.44,
and SMM J163650.43, respectively. We oversample these
maps by a factor of 2 to improve their visual appearance.
We also show the 1D spectra integrated over several kpc-
sized Hα-bright regions, which are labeled in the maps
shown in Figs. 1, 3, 5.
We flux calibrate the Hα line emission in our OSIRIS

observations using as a reference the Hα line fluxes from
long-slit spectroscopy by Swinbank et al. (2004), where
slit loss correction has been performed based on K-band
images. We set the galaxy-integrated long-slit Hα fluxes
equal to the integrated OSIRIS flux resulting from col-
lapse of the science cube along the dispersion direction
(∆v ! 1000 − 2000 km s−1) centered at the redshifted
Hα line. By adopting this approach, we ensure that we
are not artificially boosting the Hα emission within the
brightest clump regions. In principle, peak-up imaging
of the TT-star for each science target is also a viable ref-
erence to perform absolute flux calibrations. However,
we note that when using the AO technique, a large flux
uncertainty arises from the imperfect channeling of light
into the AO-corrected PSF. Following detailed modeling
of this issue by Law et al. (2007b), the total flux uncer-

tainty for the reference TT-star flux corresponds to at
least ∼ 30%. Furthermore, because flux calibration re-
quires also taking into account the spatial offset between
the science target and the TT-star to consider the true
PSF at the science target location, the uncertainties in
absolute flux calibration based on TT-star observations
increase significantly.
In order to disentangle the diffuse Hα component (∼

0.5 − 2′′) from the compact one (FWHM ∼ 0.2 − 0.4′′),
we rely on a target-specific PSF determined from peak-
up imaging of the TT-star to subtract the compact region
of high-S/N line emission from each map. This is par-
ticularly important considering the potential spread of
emission beyond the AO-corrected PSF that may escape
the immediate regions of these high-S/N regions of emis-
sion. In this way we avoid potential contamination and
ensure the best separation of the diffuse and compact
Hα emission components. The PSF-subtracted images
that we use to investigate diffuse emission are shown on
Figs. 1, 3, and 5 for SMM J030227.73, SMM J123549.44,
and SMM J163650.43, respectively.

3. RESULTS

The OSIRIS Hα intensity maps are shown in Figs. 1, 3,
5 as contours overlaid on near-IR images tracing the rest-
frame optical continuum of these galaxies. The Hα con-
tours allow us to map the overall spatial distribution of
the line emission and to distinguish between unresolved
kpc-sized compact regions of high S/N emission and a
more diffuse component, where the former are likely asso-
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10 MENÉNDEZ-DELMESTRE ET AL. 2013

Fig. 6.— Hα kinematics in SMMJ163650.43, following the format of Fig. 2. The 1D spectra suggest the presence of a broad Hα line
coincident with the region that appears as a red knot of continuum emission in Fig.5; this is indicative of AGN activity.

star formation with the velocities of the ionized gas to
represent the energy injected into the ISM surrounding
the star-forming regions (see curve in Fig. 7). Within
this context, the high velocity dispersions observed in
our SMG clumps are likely not the sole result of larger
dynamical masses. They are likely a combination of dif-
ferences in dynamical mass ranges and a reflection of
the high pressures sustained by high local surface bright-
nesses, which in turn are likely due to the higher gas
densities in SMGs (e.g., Harris et al. 2010).
Compared to galaxies at low redshift, the right panel of

Fig. 7 shows that SMG clumps have ΣSFR values > 3 or-
ders of magnitude higher than those found in normal spi-
rals (Kennicutt 1998; Dib et al. 2006), but which fall well
within the range of starburst galaxies (Kennicutt 1998).
If we correct for extinction the ΣSFR in SMG clumps are

shifted at the most within a factor of a few from the
range occupied by the typical local circumnuclear star-
bursts, similar to the range found in low-redshift LIRGs
(Alonso-Herrero et al. 2006).

4. DISCUSSION

Near-IR integral field spectroscopic observations have
shown that Hα emission in SMGs often hint to the pres-
ence of multiple spatially-distinct galactic-scale subcom-
ponents within the central ∼ 1′′ (Swinbank et al. 2006;
Nesvadba et al. 2007). With LGS-AO OSIRIS we have
been able to peer into these central regions, allowing us
to zoom in further than these previous seeing-limited in-
tegral field observations.
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•  t".-")A.@#./.,/-E",'+7"QFBQ.dI_.

%","-*F#"%.D-@*.7"/b'C7.F*/EF#E.@D.,P".

uu'+,/-.,@.+C=,-/Q,.,P".6SV.Q@#,-F=C?@#..

.

•  F*7@-,/#,.,@.*F#F*F&".,P".+7-"/%.@D.

"*F++F@#.="A@#%.,P".6<'Q@--"Q,"%.dI_.

,P/,.*/A."+Q/7".,P".F**"%F/,".-"EF@#+.@D.

,P"+".PFEP'IaV.-"EF@#+.@D."*F++F@#0..

8C)A.39.1234..ST.12345.UV6<W . . . . . . . . . . .X/-Y#.!"#$#%"&'(")*"+,-".

I!!.8242119094.

&.s.30c2j.

_tT!
T}
..

..~.1222.b*a+.

#
I
_
`
. [
!
◉
a
A
-a

. b
7
Q
1
] 

! dI_.+C=,-/Q?@#.-"*@>"+.

6SV.Q@#,/*F#/?@#.D-@*.

I_`.+C-D/Q".%"#+F,A.*/7+o.



I,/-'D@-*/?@#.F#.

*C)?7)"...[3'1.b7Q.

HQ)C*7+N.

#SFR from H" maps "

•  6SV.T".Q@#,-F=C?@#..C7.,@.g2Ö.
•  T".Q@#,-F=C?@#.7"-.Q)C*7m.[3'42Ö.

.

#
I
_
`
. [
!
◉
a
A
-a

. b
7
Q
1
] 

 SMM J163650.43 
       z = 2.385 

.SMM J123549.44 
       z = 2.203 

.SMM J030227.73 
       z = 1.408 

#
I
_
`
. [
!
◉
a
A
-a

. b
7
Q
1
] 

8C)A.39.1234..ST.12345.UV6<W . . . . . . . . . . .X/-Y#.!"#$#%"&'(")*"+,-".



I,/-'D@-*/?@#.F#.

*C)?7)"...[3'1.b7Q.

HQ)C*7+N.

#SFR from H" maps "

•  6SV.T".Q@#,-F=C?@#..C7.,@.g2Ö.
•  T".Q@#,-F=C?@#.7"-.Q)C*7m.[3'42Ö.

•  J@*7/-".,@.@7?Q/))A'+")"Q,"%.I_'F#E.

Q)C*7+./,.&[1.\SC@]31^.

.

 SMM J163650.43 
       z = 2.385 

.SMM J030227.73 
       z = 1.408 

– 20 –

Fig. 7.— Radial variation of physical properties of clumps as a function of galactocentric distance. Symbols
and colors are same as those in Figure 6.
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•  J@*7/-".,@m..

–  V@-*/).+7F-/)+m.v.#
I_`
~[2'203.

–  f@Q/).IL+m.v.#
I_`
~[3'322..\X"##FQCG]gj^.

–  f@O'&.fU`S+.\6)@#+@'T"--"-@]122:^.
.

#SFR from H" maps "

#
I_`.

m..

3';2.!◉aA-ab7Q1...

\"M?#Q?@#'Q@--"Q,"%..

=/+"%.@#.I!S.*"/#..

L/)*"-.%"Q-"*"#,i.u/b/,/]2:^.

#
I_`.

m..

c'122.!◉aA-ab7Q1...

?I:(%$*.<'.%?J%*6#"0"#,%("3"+*.%#'%+'6*+%(#*.<7.(#(%%
K<7#%'&%+*.8/.%()*#"*+%(6*+/(L%

)@E.#
I_`
\!j1^.s30cj.!.#

I_`
.[.42.
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Main Results"
–  6SV.+FE#/,C-"+.Q@*7)FQ/,".F#,"-7-",/?@#.@D.I!S.+7"Q,-/...

–  tF,P.<IU`UI5.O".+7/?/))A.%F+?#ECF+P.Q@*7/Q,5.=-@/%'.T"./#%.*@-".

"M,"#%"%.#/--@O'T"."*F++F@#5.)Fb")A./++@QF/,"%.,@.6SV./#%.+,/-'D@-*F#E.

/Q?>F,A5.-"+7"Q?>")A0..

–  W>"#.")F*F#/?#E.6SV.Q@#,-F=C?@#5.I!S+.-",/F#.>"-A.PFEP.I_`+5.OF,P.#
I_`.

+F*F)/-.,@.)@Q/).+,/-=C-+,+./#%.)@O'&.)C*F#@C+.F#D-/-"%.E/)/MF"+..

–  t".B#%.,P/,.I!S+.%F+7)/A.)/-E".T".+7/?/)."M,"#+F@#+m.

..~3'30;N.\~j'31.b7Q^.!."M,"#%"%.+,/-=C-+,+.\#@,.*/F#.+"ÜC"#Q"o^.

–  uP"./+A**",-FQ.%F+,-F=C?@#.@D.*C)?7)".[3'1.b7Q.+,/-'D@-*F#E.Q)C*7+.

,@E",P"-.OF,P.,P".)/Qb.@D.@-%"-"%.-@,/?@#.+CEE"+,+.,P/,.,P"+".+A+,"*+.%@.

#@,.-"7-"+"#,.-"EC)/-.7@,"#?/).O")).+,-CQ,C-"+5.=C,./-".*@-".)Fb")A.F#./#.

/%>/#Q"%.*"-EF#E.7P/+".!.6f!6.OF)).,"))o.

. I!S+./-".#@,.+F*7)".PFEP'&./#/)@E+.@D.)@Q/).KfU`S+.@-.#CQ)"/-.+,/-=C-+,+5.=C,.

F#+,"/%.,P"A./77"/-.,@.P/>".Q)C*7A.+,/-.D@-*/?@#.%F+,-F=C,"%./Q-@++./.D/-.

)/-E"-.-"EF@#.,P/#.,P". 3'1.b7Q.#CQ)"/-.=C-+,+.F#.)@Q/).KfU`S+0..

From the first IFU observations of  SMGs 
aided by Laser Guide Star Adaptive Optics:"
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