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SOME ASTR ONOMICAL NICHES WITH 3D SPECTR OSCOPY

Margarita Rosadd

RESUMEN

Sepreseria un panorama de algunos de los resultados mas interesartes obtenidos con espectrometros 3D en
telescopiosde 4m de diametro con la intencion de aprovedar estasexperienciasen la de nici on de programas
cient cos con telescopiosde gran diametro comoel GTC.

ABSTRACT

An overview of someof the most interesting results obtained with the useof 3D spectrometersworking in 4m-
classtelescopesis given with the purposeof taking advantage of those experiencesin the de nition of scierti ¢
programs for telescopesof larger diameter asthe GTC.
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1. INTR ODUCTION

3D spectrographs are instruments that provide
spectra at ead pixel over the whole eld of view
(FOV) of the instrument. In order to achieve this,
3D instruments are built with two esenial compo-
nerts of high optical quality: a collimator and a ca-
mera. Both the collimator and camera should be
qgualied to give good imagesover the ertire FOV.
Seweral additional componernts could be placed at
two main locations: the focal plane and within the
collimated beam (i.e., the place between the colli-
mator and the camera). The addition of dierent
componerts at those locations de nes the type of
3D spectrograph. For example, an imager has, in
addition to the basic collimator+camera system, an
interference Iter wheelat the focal plane (or within
the collimated beam); what is called a Fabry-Perot
interferometer has, in addition to the basicsystem,a
wheelwith interference lters at the focal plane and
a scanning Fabry-Perot (FP) interferometer within
the collimated beam; a TIGER-typ e instrument has,
in addition to the collimator+camera system,an en-
larger, a eld lense, and an array of microlenses
at the focal plane, whereas, within the collimated
beam, a grism is placed; a PHYTEAS-typ e instru-
ment has the samecomponerts that a TIGER-type
instrument with the addition of a scanningFP inter-
ferometer within the collimated beam; MOS instru-
ments (multiple object spectroscofy) have the two
main componerts and a multi-slit at the focal plane
and a grism within the collimated beam.
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Fig. 1. INTEGRAL CIl1] emissionof the Einstein Cross.
From Mediavilla et al. (1998).

The sewral componerts and their combinations
give rise to a large variety of 3D spectrometersthat
could be usedto study dierent astronomical phe-
nomena (see Connes & Le Coarer 1995). Though,
in the conception, they sharethe main componerts
in common, in practice, it is quite dicult to con-
struct 3D spectrometers capable of implementing
more than two or three di erent modes. Indeed, it
is recommendedto build dedicatedinstruments that
use,in the more e cien t way, one or two of the ca-
pabilities of 3D spectroscoyy.
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Fig. 2. SAURON obsenations of the E3 galaxy NGC 4365. From left to right: (a) continuum visual magnitude. (b)
stellar mean velocity, V and, to the right, a close-up of the certral part. (c) Stellar velocity dispersion. (d) Mg index.

(e) H index. From de Zeeuwv et al. (2002).

Fig. 3. Composite image of the superbubble in NGC 3079. Green: I-band continuum. Red: H . Blue: [NII]. From

Cecil et al. (2001).

3D spectrometersgive, at once, huge spectral in-
formation of extended sourcesand that is why their
useis the most e cien t for large diameter telescopes.
Besides,when using 3D spectrometers, seweral prac-

tical problems presertied during obsenations disap-
pear: precise pointing of the sources,identi cation
of the regionswhere the spectra has beenobtained,
to cite someof them.
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Fig. 4. Position-velocity diagrams constructed from FP
data cubes of the superbubble emission in NGC 3079.
The certral panelsindicate the positions over the super-
bubble usedto integrate the position-velocity diagrams.
Note the complex velocities acrossthe superbubble that
blend the H and [NI1] lines. From Cecil et al. (2001).

This kind of instruments are ideal for studying
collections of point-lik e objects spread over large
elds, or asymmetrical extended objects where the
classicallong-slit spectrometersdo not give the com-
plete information required to do the job. In addi-
tion, 3D spectrometersare the only instruments well
suited to really take advantage of adaptive optics be-
causethey do not degradethe high image quality
furnished by adaptive optics systems.

There are two main typesof 3D instruments that
are being used extensiwely:

{ IFU-type

and

{ Fabry-Perot type

IFU-typ e instruments (for Integral Field Units)
are 3D spectrometersthat usegrismswithin the col-
limated beamand microlensesarrays or optical b er
bundlesat the focal plane. Although all the 3D spec-
trometers can be consideredas Integral Field Spec-
trometers, it is commonto assaiate this name with
this particular mode of 3D spectroscopy. Some ex-
amplesof IFU-typ e instruments are TIGER, OASIS,
SAURON and INTEGRAL, amongst others. This
type of instruments typically provide moderate spec-
tral resolutions, R 5000, high spatial resolution
(limited by telescope's capabilities) and a small FOV
( 2099. A great succesf this type of instruments
is that they work both with emissionand absorption
lines. Thus, this kind of instruments could provide
spectra of both gasand stars.

Fabry-Perot type instruments are those 3D spec-
trometers that use scanning FP interferometers
within the collimated beam and interference lters
either at the focal plane or within the collimated
beam. Some examplesof Fabry-Perot type instru-
ments are: CIGALE, HiFi, RUTGERS, PUMA and
TTF, to cite someof them. They typically provide
relatively high spectral resolutions,R  20000,mod-
erate spatial resolution and a large FOV (10 {
2. In general,this type of instruments work with
emission lines although, in principle, their use can
be extendedto absorption lines.

In what follows, | will presen someof the most
interesting results obtained with 3D spectrometersof
the typesde ned above usedin 4m-classtelescofes.
The aim of this work is to presert an overview of the
problems that have been tackled successfullywith
3D spectrometers. Some of these problems are now
astronomical niches.

2. SCIENTIFIC DRIVERS OF IFU
OBSERVATIONS

2.1 Black hole massdeterminations in the centers
of galaxies

A good example of the achievemerts done with
IFU-type instruments is given in Emsellem et al.
(1999). In that work, HST photometry and ground-
based kinematical obsenations are preseried for
the SO galaxy NGC 3115. The kinematics were
obtained using the prototype of IFU-type instru-
ments, TIGER, at the Canada-Fance-Hawaii Te-
lescoe (CFHT). TIGER data consisted in more
than 600 stellar spectra of spectral resolution of 3.7
Apixel ! and spatial resolution of 0°°39 over a FOV
of 14%95 7099 covering the very certer of this galaxy
suspected to host a black hole. From the spectra,
the authors were able of constructing the 2D Gauss-
Hermite momerts: V (velocity), v (velocity disper-
sion), hz and h;. Combining the stellar kinematics
with the photometry and modeling the photometry
with the Multiple GaussianExpansion technique, it
was possibleto shaw that the kinematics were well
tted with a two-integral Jeans model implying a
certral dark massMgy 6.5 10° M

2.2. Detection of an arc of extendel emission in the
Einstein Cross

Figure 1 depicts the redshifted emissionat Cl1I]
( 1909A) of the Einstein Cross, obtained from the
2D spectra of INTEGRAL at the William Hershel
Telescoe at Canary Islands (WHT; Mediavilla et
al. 1998). This instrument is of the IFU-type and
works with an optical b er system instead of the
microlensesarray of other IFUs.
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The Einstein Crossis a gravitational lenssystem
constituted of four componerts that appear clearly
separated in the continuum intensity map. How-
ever, in the CIII] emissionline, it exhibits an arc
of extended emissionconnecting the componerts A,
B and D. This connection has beeninterpreted asa
gravitational lensimage of the extendednarrow line
region of a compact source. The compact sourceit-
selfforms, in turn, the continuum-light gravitational
lens image. Applying a lens model that consists of
a compact sourceplus an extendedregion it is pos-
sible to reproduce the arc. In this way, Mediavilla
and collaborators were able of estimating the dimen-
sions of the narrow line region of this source, being
of about 400h * pc.

2.3. The SAURON Survey

This survey (Bacon et al. 2001, de Zeewv et al.
2002)is aimed at determining the intrinsic shapesof
early-type galaxiesas well astheir orbital structure,
the mass-to-light ratio as a function of radius, the
age and metallicity of the stellar populations, and
the frequency of kinematically decoupledcoresand
nuclear black holes. It is currently conducted us-
ing the SAURON instrument attached to the WHT.
The SAURON instrument is basedon the prototyp-
ical integral eld spectrometer TIGER (as described
in the Introduction and in Section 2.1). SAURON
givesspectra, in its low resolution mode, with spec-
tral resolution of 3.6 A over a FOV of 33°° 419
sampledwith 0°094 0094 pixels, while in its high
resolution mode, the spectral resolution is 2.8 A ,
in a FOV of 9°° 119 sampledwith 0°927 (%027
pixels. The working wavelength range of this instru-
ment is 4810{ 5350A, covering the wavelengths of
the Mg b triplet and Fe lines, for stellar kinematics,
as well asthe [OIl1] ( 4959 and 5007 A) and H
emissionlines, for gaskinematics.

In Figure 2 are shown 2D photometric and kine-
matic data of both gasand starsin the certral region
of the E3 galaxy NGC 4365. Thesedata illustrates
what is called a decoupledcore: while the main body
of this galaxy rotates around the projected major
axis, the core rotates around the minor axis. This,
together with the misalignmernt between the kine-
matic and photometric axis of the main body, are
strong indications of a triaxial intrinsic shape and
that the galaxy underwernt a sequenceof mergers.

3. SCIENTIFIC ACHIEVEMENTS OF
FABRY-PEROT TYPE OBSERVATIONS
3.1 Serch for starburst driven galactic winds

The detection of starburst driven galactic winds
has been quite successfulby meansof obsenations

Fig. 5. PUMA velocity map (at Vien o = {234 km s 1)
of the H emission of the irregular galaxy IC 1613. Su-
perimposedon this map are the boundaries of 17 super-
bubbles detected in this galaxy (from Valdez-Gutierrez
et al. 2001).

with FP interferometers. This hasbeendone mainly
with the FP instruments HiFi, working at the CFHT
and TAURUS-II working at the WHT. It is now
known from theseobsenations, that seeral galaxies
show strong and high speed winds, as for example,
NGC 3079 (Veilleux et al. 1995, Cecil et al. 2001)
and, more recertly, NGC 4631 (Melo et al. 2003).

Although the imageis quite well known, Figure 3
shaws the huge extent of the winds ejectedfrom the
nucleusof the galaxy NGC 3079. In this spectacular
image, it is seena 40°°( 3 kpc) wide concave open
superbubble having its baseat the nucleus of NGC
3079. Figure 4 shawvs some of the position-velocity
diagramsobtained from the FP emission-linepro les
at H , [NIl] ( 6548A) and [NIl] ( 6584 A). The
FP data cover more than 4°6 acrossthe galaxy and
have a spatial sampling of 0°%67. The velocity res-
olution is 70 km s 1. Figure 4 shaws the complex
velocity pro les acrossthe nuclear superbubble and
other regionsin this galaxy that imply winds of hun-
dredths of km s ! at galactic scale-lengths.It is not
yet sure whether the gaseouso w could scape from
the galaxy but at least, it energizedarge amounts of
the disk and extraplanar zones.

The discovery of galactic winds in starburst
galaxiesin now being studied extensiwely by means
of a new technique: excitation maps implemented
with tunable lters (seeVeilleux this meeting). This
kind of researd could be donewith the OSIRIS tun-
able Iters at the GTC. By meansof these studies
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Fig. 6. (&) H continuum-subtracted image of NGC 157. (b) Positions of the catalogued HII regions. (c) H diuse
emission obtained after subtracting the catalogued HI| regions. (d) Upper-limit DIG map. From Zurita et al. (2000).

it would be possibleto establish the conditions re-
quired to trigger thesewinds.

3.2 Superbubblekinematics in the irr egular galaxy
IC 1613

Figure 5 shows how the wind-blown bubbles can
modify the interstellar medium (ISM) of an enrtire
galaxy. Indeed, Valdez-Gutierrez et al. (2001) have
found that the ionized ISM of the irregular galaxy
IC 1613is completely pierced by seweral expanding
superbubbles (diameters 500 pc and expansion
velocities up to 50 km s 1), formed by the winds
and supernova explosionsof the interior stellar as-
saciations. Furthermore, young stellar assaiations
are located at the superbubbles'boundariessuggest-
ing that shock-induced star formation works in this
galaxy (Rosado et al. 2002). This kind of stud-
ies allows us to know the interplay betweenmassiwe
stars and gasin galaxies. The kinematic data were
obtained by meansof the PUMA instrument at the
2.1mtelescope of the Obsenatorio Astronomico Na-
cional at San Pedro Martir, B.C., Mexico (OAN).
PUMA provides a FOV of 10 ° with a spatial sam-
pling of 0°959 and a sampling velocity resolution of
20km's 1.

3.3. Detection of di use ionized gasin galaxies

Sincethe seminal discovery of di use ionized gas
(DIG) at high heights above the Galactic Plane

by means of FP interferometry (see a review in
Reynolds2002), this componert, whosesourceof ex-
citation is not yet understood, has beendetected in
other galaxies as well. Curiously enough, the de-
tection of DIG in other galaxiesis being done by
means of imaging, both with classical interference
Iters (Rand 1996) or, more recertly, with the Tau-
rus Tunable Filters (Miller & Veilleux 2003). There
are a number of edge-ongalaxieswhere extraplanar
DIG (e-DIG) is being discovered. Edge-on galax-
ies are the most favorable casefor such detections
by meansof imaging. However, detecting the DIG
in lessinclined galaxiesis important both, to know
more about this componert, aswell asto subtract it
to the HII region intensities of the disks. The identi-
cation of DIG in this latter casecould be achieved
with imaging while the obtention of its kinematics is
better done by using FP spectrometers.

Figure 6 from Zurita et al. (2000) exempli es
how the DIG componert in the galaxy NGC 157 can
be extracted from the total H emissionof the disk
that contains bright emitting HII regions. The re-
sults showv a good correlation betweenthe high DIG
intensities and the most luminous HII regionsindi-
cating that the DIG in this caseis located at the disk
of the galaxy. This correlation alsosuggestshat the
sourceof ionization of the DIG in NGC 157 is con-
nectedwith the photoionizing ux of OB starsin this
galaxy.
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Fig. 7. Velocity dispersion map of the DIG in the irregular galaxy NGC 4449 obtained from PUMA FP spectroscopy.

From Valdez-Gutierrez et al. (2002).

DIG kinematics is an important issuethat can
throw light on the origin of this componert. Figure
7 shows the velocity dispersions of the DIG in the
irregular galaxy NGC 4449 (Valdez-Gutierrez et al.
2002). Thesekinematic data wereobtained usingthe
PUMA Fabry-Perot interferometer at the OAN. One
important result is that DIG velocity dispersionsare
larger than the velocity dispersionsof HII regionsin
this galaxy. Furthermore, it shovsthat DIG velocity
dispersionsimply supersonicmotions suggestingthat
shocks are presert and should be taken into accourt
in the excitation of the DIG, at least for this galaxy.

3.4. Low surface brightnessgalaxiesand their dark
matter halo distributions

Low surface brightness galaxies (LSBGs) and
dwarf galaxiesseemto be almost formed of dark mat-
ter (DM) haloes. However, the rotation curvesof LS-
BGs derived from HI kinematics or optical long-slit
spectroscofy do not conrm the certral DM distri-
bution predicted from models of cold DM (CDM).
There is still a fruitful corntroversy about this issue
that hasconductedto a revision of both the models
and the obsenational data. In order to settle this
cortroversy it is necessaryto obtain 2D high spatial

and spectral resolution spectra of the certral regions
of LSBGs, both for stars and gas. Thus, this con-
troversy could be solved by meansof the use of 3D
spectrometersboth IFU-typ e and Fabry-Perot type.

FP interferometers have longtime been used to
obtain rotation curves of galaxiesfor they provide
velocity elds with good spatial and spectral resolu-
tion, from which the rotation certer and the major
axis position can be determined. Using a FP at the
CFHT, providing good spatial sampling and a spec-
tral resolution of about 20 km s !, Blais-Ouellette
et al. (2001) extracted the rotation curves of two
irregular dwarf galaxiesfrom the 2D velocity elds.
Figure 8 shavs the ts that Blais-Ouellette and col-
laborators have done for the rotation curve of NGC
3109. Di erent DM halo distributions (amongst oth-
ers, pseudoisothermaland CDM) have been tted to
the obsened rotation curve and they found that the
cuspy DM haloes predicted by CDM scenariosare
not well tted to the data.

Furthermore, using the IFU-typ e SparseRik ins-
trument at the WYN telescope, Swaterset al. (2003)
obtained the 2D velocity eld of the certral region
(7200 72%0) of the LSBG DDO 39, with a veloc-
ity resolution of 66 km s . The authors report the
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Fig. 8. Best-t massmodels for NGC 3109. Black dots: data derived from FP spectroscopy and HI. Models showv dark
matter halo density pro les for: pseudoisothermal sphere (top left), KKBP (top right), Burkert (bottom left) and NFW

(bottom right). From Blais-Ouellette et al. (2001).
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Fig. 9. Stephan Quintet's emission line regions (left) and new intruder's emission line regions (right), obtained from

PUMA FP spectroscopy. From Sulertic et al. (2001).

existence of noncircular and random motions that
preclude the discrimination betweenthe halo distri-
butions predicted by di erent models.

3.5. Compact groups of galaxies

Compact groups of galaxies(CGs) are small and
relatively isolated aggregatesof 4 to 8 galaxieswhose
mean separation is about a galactic diameter. They
are among the most densestsystemsbecausetheir

density is as high as the density of galaxy clusters'
cores. CGs would constitute a link in the process
of galaxy fusion. They are the highest cuspsof the
large-scalestructure not located in galaxy clusters.

CGs are excellent laboratories to study the ex-
treme e ects of interactions. If interactions were
more frequert in the past, then, the samples of
nearby CGs constitute an important databaseto in-
terpret obsenations at high redshifts.
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Fig. 10. PUMA [NII] velocity proles superimposedon the radial velocity eld of the galaxy pair KGP 468. From

Hernandez-Toledo et al. (2003).

Fig. 11. Residual velocities of the galaxy NGC 5426, one
of the members of the galaxy pair Arp 271. Bottom right:
The t to the rotation curve from which the circular ve-
locities were subtracted from the observed velocity eld.

From Fuentes-Carrera et al. (2004).

FP interferometersare quite well suited to study
CGs becausethe 2D kinematic data obtained with
FPs could help in nding evidenceof mergingsand
frequert and strong interactions within the mem-
bers, in the reconstruction of their ewolutionary his-
tory and in the identi cation of tidal dwarf galaxies,
presumably formed by the interaction, to cite some
of the sewral issuesthat can be studied in theseob-
jects.

Tidal dwarf galaxy candidates have been pro-
posedfor sewral CGs. For instance, the identi ca-
tion of tidal dwarf candidatesin the most known of
the CGs, the StephanQuintet, wasdoneby usingthe
Fabry-Perot CIGALE at the CFHT by Mendesde
Oliveira et al. (2002). However, the demonstration
that the candidatesare really tidal dwarfs instead of
large HI1 complexesmust await to obtain very high
spatial and spectral resolution data, a project that
could be done in telescopes as the GTC equipped
with 3D spectrometers.

Regarding the Stephan Quintet, Figure 9 shows
the dierent gaseousregions assciated with this
compact group and with the recen intruder, based
on their velocities (Sulentic et al. 2001). This has
beendonefrom the kinematics obtained with PUMA
at the OAN. For this particular case,the ewolution-
ary history could be reconstructed.

3.6. Interacting galaxy pairs

These are the simplest casesof galaxy interac-
tions. For these systemsone expectsthat the inter-
actions causesome degree of asymmetry and, con-
sequettly, 3D spectroscoyy is ideal for studying the
kinematics of interactions and to confront them with
numerical simulations.

There are someworks on isolated galaxy pairs, re-
certly published, aimed at understanding the inter-
action process.Theseworks were done using PUMA
at the OAN.
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Fig. 12. PUMILA velocity maps of the molecular hydrogen emission at 2.12 m of the Orion's OMC region. The

di erence in velocities between consecutive maps is about 10 km s !; the FOV

seen. From Salaset al. (1999).

Figure 10 shows the [NII] radial velocity pro les
of the galaxy pair KGP 468, superimposedon the ra-
dial velocity eld of this system (Hernandez-Toledo
et al. 2003). The bridge and the tidal tails are clearly
seenas well asthe complexity of someof the veloc-
ity proles even for the early-type galaxy menmber
located at the SW. In thesesystemsone also expects
that the members' gasundergo strong deviations to
circular motions. Indeed, this seemsto be the case
for NGC 5426,0ne of the members of another galaxy
pair, Arp 271 (Fuentes-Carreraet al. 2004). Figure
11 shows the 2D residual velocities of Arp 271 that
allowed us to know the precisegeometry of the en-
courter. Theseresults are important in order to es-
tablish boundary conditions for dynamical modeling
of galaxy interactions.

4. 3D SPECTROSCOPY IN THE NEAR
INFRARED

The results outlined above were obtained in the
optical range of the spectrum. However, the use of
3D spectrometersin the near IR is quite appealing
becausethe data obtained with those instruments
would be unique in a seriesof problems, for example:

{ Kinematics of the molecular gas, by meansof
obtaining velocity cubesin the line at 2.12 m of the
molecularhydrogen. This technique could be applied

4°5. The Orion ngers are clearly

to star forming regions and Herbig-Haro objects in
our Galaxy and in other galaxies,to planetary neb-
ulae and to low metallicity galaxiesand starbursts,
amongst se\eral objects.

{ Kinematics of the ionized gas in highly red-
denednuclei.

{ Kinematics of highly redshifted objects.

The instruments of this kind are scarsein spite
that the studiesin the near IR open a new view of
our Universethat waits to be explored.

We have deweloped a prototype which uses a
scanning Fabry-Perot interferometer optimized in
the near IR (PUMILA). This instrument is work-
ing at the 2.1m telescope of the OAN. It has been
usedto obtain velocity-cubes of the line at 2.12 m
of the molecular hydrogen, corresponding to the v
= 1-0 rotational transition with a sampling veloc-
ity resolution of 10km s ! (seeRosadoet al. 1999,
Arias et al. 2001).

Figure 12 depicts the velocity maps of the molec-
ular hydrogen in the Orion's OMC region shawing
what is known asthe \ ngers" (Salaset al. 1999).
The ngers are directly assaiated with Herbig-Haro
objects (that are de ned only by their optical prop-
erties).

In the case of planetary nebulae, the velocity



- Il International GTC Workshop: Science with GTC 1st-light Instruments and the LMT

Ed. A. M. Hidalgo-Gamez, J. J. Gonzalez, J. M. Rodriguez Espinosa & S. Torres-Peimbert

© 2005: Instituto de Astronomia, UNAM

3D SPECTROSCOPY 101

Fig. 13. Typical radial velocity proles of the molecular
gasin NGC 2346in the H; line at 2.12 m superimposed
on a direct image in the sameline at 2.12 m (from Arias
et al. 2001).

maps of the molecular hydrogen have beenrevealed
asvery usefulin the identi cation of the medanism
that excites the line at 2.12 m, as well as in the
determination of the massand ewolution of theseob-
jects. Figure 13 shaws typical radial velocity pro les
of the H, emissionline at 2.12 m superimposedon
the image of NGC 2346 emissionat 2.12 m. Since
our FP velocity cubesallow usto obtain radial veloc-
ity pro les of ead pixel over the whole extension of
this PN, we are able to obtain position-velocity dia-
gramsthat could beusedto t ageometricalmodel (
Arias et al. 2001). Supersonicmotions of the molec-
ular hydrogen were found in this object implying
that shocks excite this emission.

5. CONCLUSIONS

| have given an overview of interesting results
obtained with data from 3D spectrometersat 4m-

classtelescopes. One can extrapolate and draw the
following conclusions:

{ Many sciertic niches will be exploited by
meansof 3D spectrometersin 8{10m-classtelescopes
(for example, OSIRIS in the GTC).

{ 3D spectrometers and adaptive optics are the
best combination to exploit the high spatial resolu-
tion provided by adaptive optics systems.

{ 3D spectrometersin large telescopesworking in
the near IR will reveal another view of the Universe.
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