






9.3. Zooming in: spatially-resolved line ratios and metallicity

D3a-6004

The [NII]/Hαmap of D3a-6004 (Fig. 9.15, left) shows a compact, unresolved, peak in

the center of the galaxy. The high N2 value of ∼ −0.1 and the small spatial extent

of this region are indicative for the presence of an AGN. D3a-6004 shows a notable

[NII]/Hαgradient from the peak center toward the outer parts of the galaxy. Towards

the southeastern outer region, the [NII]/Hα ratio rises again. The significance of this ef-

fect is weakened by the fact that the S/N of the [NII] line in particular declines rapidly in

this region. The available optical spectrum and optical to mid-infrared SED of D3a-6004

show no sign of AGN activity. It remains, however, possible that a low-luminosity AGN

is present in its nucleus, as our data suggests. The peak in [NII]/Hα seen in the maps is

smeared out in our axis and radial profiles. The implication of an AGN contribution at

the center is that the N2-based metallicity gradient of D3a-6004 is overestimated. We

note that such modest but non negligible AGN contribution have also been found and

discussed by Wright et al. (2010) in some large z∼1.5 disks.

Figure 9.15.: D3a-6004: a possible low-luminosity AGN host galaxy at z=2.39.

D3a-6397

Similarly to D3a-6004, D3a-6397 shows no sign of AGN activity in its optical spectrum

or optical to mid-infrared SED. Our [NII]/Hαmap, however, clearly reveals a compact,

unresolved peak reaching an [NII]/Hα≈0.77. Again, this indicates a contribution by an

AGN, which also means that the actual observed N2-based metallicity gradient could be

shallower than inferred from the profile analysis. The rise of metallicity towards the

outer part of the galaxy, seen in all directions, is less affected by low [NII] S/N as in

D3a-6004. Still, deeper data is needed to reliably confirm this finding.
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9.3. Zooming in: spatially-resolved line ratios and metallicity

Figure 9.16.: D3a-6397: another possible AGN host galaxy.

ZC782941

This object is another disk galaxy with a small companion galaxy or giant clump to the

north-east, which is not resolved in seeing-limited data set (figure 9.17, upper panel) but

is in the AO observation shown in the same figure in the lower panel. Both integrated

and spatially-resolved line ratios are consistent with pure photoionization in HII regions,

with somewhat higher abundances. Interestingly, the [NII]/Hαmap shows another peak

between the main body part of the galaxy and the north-east lower metallicity region.

As this is clearly offset from the morphological and dynamical center of the galaxy, and

the [NII]/Hα values are ∼0.3, the ratio enhancement in this region may reflect some

contribution from shock excitation. The AO based [NII]/Hαmap reveals that the metal-

licity shows significant variations on small scales. Thus the seeing-limited map or the

integrated value clearly provide only a limited description of the object.

BX610

For BX610, [NII]/Hαpeaks at its morphological and kinematic center. The values are con-

sistent with roughly solar abundances and do not require or indicate AGN contribution as

in the case of D3a-6004 and D3a-6397. This is consistent with the lack of AGN signatures

in both the [NII]/Hα and [OIII]/Hβmap, and in its optical spectrum and mid-infrared SED

(e.g. Erb et al 2006; Förster Schreiber et al. 2011b).
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9.3. Zooming in: spatially-resolved line ratios and metallicity

Figure 9.17.: ZC782941: A z = 2.18 galaxy consistent with the star-forming branch of

the BPT diagram

Figure 9.18.: BX610: a disk galaxy in the "composite type" region of the BPT diagram
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9.4. Spatially-resolved BPT diagnostics

9.4. Spatially-resolved BPT diagnostics

9.4.1. Pixel-to-Pixel BPT diagram

The axis and radial profiles as well as the line ratio maps presented in the previous

subsections highlight the complexity of, and variations among individual objects, and

thus the importance of spatially-resolved information for a fuller picture in terms of the

line excitation and properties of nebular gas. With the full spatial mapping afforded

by SINFONI, we can take the ultimate step and investigate the prevailing conditions

across objects, relate them more directly with morphological and kinematic features,

and better interpret the spatially-integrated emission line properties. This is illustrated

here with two galaxies, D3a-15504 and ZC-782941 for which the S/N in all four BPT

lines is sufficient over a large enough area to potentially cover different regions. Figures

9.19 and 9.20 show the distribution of all individual pixels with S/N > 3 in each of Hα ,

Hβ , [NII]λ6584 , and [OIII]λ5007 in the BPT diagram. The data points are color-coded

according to different physical regions as indicated in the third inset at the bottom of

each figure: from red in the immediate vicinity of the kinematic and morphological center

of the galaxy to blue for the outer disk parts.

For D3a-15504, the central AGN-dominated (red and yellow symbols) and outer star-

forming disk regions (green and blue pixel) separate clearly and the ratios suggest gas-

phase oxygen abundances of ∼ 1/3 to 1/2 solar in the outer disk. It is obvious, that the

high excitation due to the AGN at the center drives the integrated ratios to values that

lie between the loci of purely star-forming sources and the Seyfert-2 regime defined by

the local SDSS sample. As noted previously, the AGN contribution also implies that the

inferred N2-based metallicity gradient derived in section 9.3 represents an upper limit.

In contrast, for the non-AGN disk galaxy ZC782941, all pixels are consistent with exci-

tation as observed in pure star-forming objects, and very similar to the integrated line

ratio. This reflects the fairly uniform line ratio maps from the seeing-limited SINFONI

date. At this resolution (0.6′′FWHM = 4.9kpc at z=2.18), the possible companion or

large clump to the north-east is barely resolved, and so is the region between it and the

main emission source where higher resolution AO K-band data reveals more clearly an

enhanced [NII]/Hα ratio. Since this region does not coincide with the galaxy center nor

with the north-eastern clump/companion, contribution by an AGN appears unlikely, and

instead shocks or simply enhanced metallicity may cause this [NII]/Hα variation. The

extension towards higher [NII]/Hαbut similar [OIII]/Hβ values of some yellow and green

points in figure 9.20, encompassing this region, possibly reflects this effect although

higher resolution [OIII]/Hβmaps will be required for confirmation.
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9.4. Spatially-resolved BPT diagnostics

Figure 9.19.: Spatially-resolved BPT diagram for D3a-15504

The [NII]/Hα vs. [OIII]/Hβ ratio of individual spatial pixels is plotted in the

BPT diagram, color coded according to their spatial location as indicated

in the bottom right map (from red in the immediate vicinity of the center

of the galaxy to blue for the outer disk parts). The maps of [NII]/Hα and

[OIII]/Hβ ratios are shown as insets at the bottom left and middle. Pixels

with S/N < 3 are masked out. The mean BPT values for the individual

regions are over-plotted as bold crosses in colors corresponding to their

regions. The total mean BPT value over all pixel is denoted as a black

cross.
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9.4. Spatially-resolved BPT diagnostics

In both figures, the black cross denotes the average BPT ratio over all pixels in the

plot. In both cases it does not exactly correspond to the value found for the integrated

analysis in section 9.2.3 and given in table 9.2, but it agrees within 1.5σ. The reason for

this mismatch is likely a flux weighting effect in the spectra from which the integrated

measurements are derived. Brighter pixels contribute more to the integrated flux than

dimmer ones. The simple average over ratios in individual pixels is not affected by this.

Additionally, the integrated ratios are derived over a slightly different set of pixels where

no single pixels are masked out within the main aperture. This in turn leads to slight

differences in the probed regions and hence a difference in the integrated vs. pixel

averaged ratios.

Figure 9.20.: Same as Fig. 9.19 but for ZC782941
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Chapter 10.

Interstellar extinction at high redshift

In this chapter, we analyze the Hα /Hβ line ratio to measure the interstellar extinction.

After a general discussion on extinction, its measurement and open questions in the high

redshift universe, we start out in the first part with source-integrated nebular extinction

measurements and compare our results with extinction derived from SED fitting to ad-

dress the question of whether HII regions are generally more obscured than the bulk

of stars in z∼2 star-forming galaxies as found for z∼0 actively star-forming systems. In

the second part, we present spatially-resolved extinction measurements in a case study

of one galaxy, BX610, which gives for the first time direct information on the spatial

distribution of obscuring dust towards the HII regions in a z∼2 galaxy.

10.1. Extinction

Interstellar extinction is a crucial parameter for deriving intrinsic properties such as the

star formation rate. Being relatively well known and measurable in the local universe,

for the epochs of most active star-forming activity between z∼1-2 it is still comparatively

poorly constrained because measurements typically rely on integrated colors or optical

to mid-infrared SEDs that are degenerate with other properties such as stellar age and

star-formation history. The more robust alternative method based on relative intensities

of Hydrogen emission lines, such as Hα /Hβ , is hampered by the faintness of the lines

(especially Hβ ) such that very few measurements exist at z∼>1.

The extinction, A(λ), is the attenuation of light through absorption and scattering by gas

or dust particles present along the line of sight between emitter and observer. It depends

on the kind and size of the obscuring particles and the wavelength of the incident radia-

tion. The extinction generally decreases with increasing wavelength. It is related to the

optical depth τλ by

A(λ)[mag] = 2.5 log(e) τλ = 1.086τλ. (10.1)
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10.1. Extinction

The extinction at wavelength λ is often expressed relative to the extinction in the optical

V-band as Aλ/AV or in terms of the color excess E(B-V) = A(B)-A(V), which is the differ-

ence in attenuation in the optical B and V band and referred to as selective extinction.

The ratio A(V)/E(B-V) defines R(V), the total to selective extinction. For our own galaxy,

the general shape of the UV to NIR extinction curve is fairly well characterized and has a

slope R(V)=3.1 (e.g. Cardelli et al. 1989). For the more active local “starburst” galaxies,

Calzetti et al. (2000) derived that R(V)=4.05±0.80. Given a reddening curve k(λ), the

extinction can be written as

A(λ) = k(λ)E(B − V ) =
k(λ)AV
RV

. (10.2)

The effective attenuation of light further depends on the relative distribution of sources

and obscuring dust. Two geometries are usually considered: a simple foreground screen

and a homogeneous mix of attenuating dust and sources. In the first case, a uniform

optically thin dust cloud is located between the source and the observer. The emerging

radiation intensity is calculated from the incident intensity via

I(λ) = I0(λ)e−τλ . (10.3)

In the mixed model, where absorber and emitter are homogeneously distributed in the

same volume, the exiting radiation is

I(λ) = I0(λ)
1− e−τλ

τλ
. (10.4)

In reality, for astronomical systems such as galaxies the geometry is more complicated

e.g. with regions being more dust enshrouded than others, and the two cases above may

be considered as two extreme, or limiting cases.

Many efforts have been devoted to derive an extinction law for extragalactic, notably

starburst systems. One of the most commonly used extinction law for actively star-

forming galaxies is the one derived by Calzetti et al. (1997, 2000, 2001) The Calzetti

law assumes the uniform dust screen model and is an empirical attenuation curve given

as piecewise polynomial fit of the NIR to UV spectral range (Calzetti et al. 2000),

where for 0.12µm 6 λ < 0.63µm

k(λ) = 2.659(−2.156 + 1.509/λ− 0.198/λ2 + 0.011/λ3) +RV ,

and for 0.63µm 6 λ 6 2.20µm

k(λ) = 2.659(−1.857 + 1.040/λ) +RV . (10.5)

Little constraints exist at z>1 on the applicable geometry and extinction law, and the

Calzetti law in the uniform foreground screen framework are commonly assumed. In

what follows, we will adopt the same assumptions.
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10.1. Extinction

10.1.1. Measuring extinction

If the intrinsic energy distribution of an object is known, the differential extinction of two

observed wavelength Aλ1−Aλ2 can be calculated by just comparing the measured flux at

the two wavelength. For instance, to measure the extinction towards HII regions the two

brightest nebular Balmer recombination lines, Hαλ6564Å and Hβ λ4862Å , are often used

in studies of local galaxies, and are the most easily accessible for more distant sources

out to z∼3. For the conditions typically present in HII regions, T=104K and ne∼102–

104cm−3 and if one assumes ’Case B recombination’ (i.e. the emission in the Lyman lines

is optically thick, and in all other lines, optically thin), the intrinsic ratio Hα/Hβ, the

“Balmer decrement”, is ≈2.86 (Osterbrock 1974). A measured ratio different from this

intrinsic theoretical value indicates extinction effects. and the amount of extinction can

thus be calculated.

For a uniform foreground screen model, the observed Balmer decrement is(
FHα

FHβ

)obs.

=

(
FHα

FHβ

)intr.

· e
− AHα

1.086

e−
AHβ
1.086

(10.6)

(10.7)

leading to

2.5 log10


(

FHα
FHβ

)obs.

2.86

 = AHβ −AHα (10.8)

Adopting the Calzetti law (eq. 10.5), and with the vacuum rest-wavelengths of Hα (0.65646µm)

and Hβ (0.48627µm), this can be written as

AV = 7.96 log10


(

FHα
FHβ

)obs.

2.86

 (10.9)

Being a reliable extinction tracer, and in principle relatively easy to measure, determi-

nations of the Balmer decrement in high redshift galaxies faces however various com-

plications: The measured separation of Hα and Hβ (1702Å at restframe) at e.g a redshift

of 2.4 is already 5790Å and thus the two lines fall in different atmospheric observing

bands. Further complications arise due to seeing variations and OH line contamination.

Therefore special care must be taken of the inter-band flux calibration. Hαhas a typical

emission line flux of the order of 10−17 − 10−16erg s−1 cm−2, which dictates exposure

times of > 1h for a decent S/N. Hβ being 2.8 times fainter in the ideal case needs ∼ 10×
longer integration times to reach a comparable S/N.
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10.2. Nebular extinction and comparison with extinction from broad-band SED modeling

10.1.2. Differential extinction towards HII regions and stars

Different methods for deriving the extinction probe physically different regions in the ob-

served object. The extinction from broad-band SED modeling applies to a more evolved

stellar population, the bulk of stars, while nebular line based extinction probes HII re-

gions tracing recent or on-going star formation. Therefore, the SED-derived extinction

can be significantly off from the attenuation towards HII regions, implying in particular

large uncertainties in intrinsic SFRs derived from Hα if one uses AV,SED.

Such “differential extinction” is found in local star-forming and starburst galaxies (e.g.,

Calzetti et al. 1994, 2000; Cid-Fernandes et al. 2005). In particular, Calzetti et al. (000)

derived a typical difference such that AV,SED=0.44V,neb, where AV,SED is the extinction to-

wards the bulk of stars and AV,neb is that towards the HII regions. At z∼2, results rely

mostly on indirect arguments. In Förster Schreiber et al. (2009), a comparison of the

measured Hα luminosities L(Hα ) and rest-frame equivalent widths ω(Hα ) from SINFONI

observations of ∼60 star-forming galaxies at 1.3 < z < 2.6 with model predictions from

the best-fit parameters from the SED modeling of each galaxy, showed evidence for dif-

ferential extinction between HII regions and stars. Similar findings are also reported

by other groups in other (small) samples at z∼2 (e.g. van Dokkum et al. 2004; Kriek

et al. 2007; Mancini et al. 2011). In contrast, Erb et al. (2006) found no need for an

extra attenuation towards HII regions relative to stars but their long-slit data are subject

to potential errors from uncertain aperture correction and slit losses (see discussion in

Förster Schreiber et al. 2009, Law et al. 2009).

The very first direct tests using the Balmer decrement at z∼2 appear to support extra

attenuation towards HII regions but still rely on rather noisy measurements of individual

objects or stacked spectra (e.g. Yoshikawa et al. 2010).

10.2. Nebular extinction and comparison with extinction

from broad-band SED modeling

Among our sample, we can derive robust integrated Hα /Hβ ratios for six objects. The

line fluxes are measured from the co-added spectra of individual pixels with S/N>3 in

each line, after shifting them to the systemic velocity, just as described in section 7.5.2.

In doing so, we neglected possible underlying stellar absorption features at Hα and Hβ .

This has little impact for Hα since for a range of star formation histories and ages and

for plausible initial mass functions, the equivalent width of Hα in absorption is always

<5Å (e.g. Brinchmann et al. 2004), which is small compared to the restframe equivalent

width of Hα in emission for our galaxies (in the range 45–206Å , see Förster Schreiber et

al. 2009). On the other hand, this can be more of a concern for the weaker Hβ emission
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10.2. Nebular extinction and comparison with extinction from broad-band SED modeling

line, with inferred equivalent widths of ∼ 11–29Å , since stellar Hβ absorption can reach

values between ∼5–10Å . To assess the impact on our Balmer decrement, we estimated

the underlying Hβ absorption using the best-fit ages and star formation histories from

SED modeling (Förster Schreiber et al. 2009, 2011a) with the same solar metallicity and

Bruzual & Charlot (2003) synthesis code. We estimated the Hβ emission line equivalent

width using our flux measurements and either the measured broad-band magnitudes in

the same band as Hβ , or in magnitudes interpolated from available photometry in adja-

cent bands. Since broad-band photometry refers to the entire source as measured over a

large (∼>2′′) aperture, we applied an aperture correction to to the Hβ emission line fluxes

based on the ratio of the total Hαflux and that measured over the common regions used

for the Balmer decrement. This is a simplifying assumption for lack of better constraints

for Hβ itself; the case of BX610 discussed in the next section shows that significant vari-

ations in Hα /Hβ ratios across the sources are likely. After correcting the equivalent

width in emission for the underlying absorption (also assuming it is constant across each

source), we calculate the corresponding corrected Hβ flux, and Balmer decrements.

Table 10.1.: Balmer decrement and derived nebular extinction

Source Hα
Hβ AV,neb

(
Hα
Hβ

)
abs.corr.(a) Aabs.corr.

V,neb
(a) AV,neb

AV,SED

Aabs.corr.
V,neb

AV,SED

MD41 4.86+0.72
−0.65 1.83+0.52

−0.46 4.34+0.59
−0.59 1.44+0.47

−0.47 1.53 1.20

BX389 3.67+0.41
−0.51 0.86+0.38

−0.48 3.51+0.63
−0.63 0.71+0.62

−0.62 0.86 0.71

BX610 6.92+0.63
−0.51 3.06+0.31

−0.25 5.78+0.59
−0.59 2.43+0.36

−0.35 3.82 3.04

K20ID7 8.39+1.46
−1.16 3.72+0.60

−0.48 6.03+0.76
−0.75 2.58+0.44

−0.43 3.72 2.58

D3a15504 7.54+1.25
−1.21 3.35+0.57

−0.55 5.03+0.72
−0.71 1.95+0.49

−0.49 3.35 1.95

ZC782941 6.55+0.71
−0.73 2.86+0.37

−0.38 5.31+0.56
−0.54 2.14+0.36

−0.35 2.20 1.65

(a) after correcting for underlying stellar Hβ absorption as described

in the text.

Table 10.1 lists the Balmer decrements and corresponding derived nebular extinction,

both with and without correction for Hβ absorption. The nebular extinction values, AV,neb

are compared with the best fit AV from SED modeling, AV,SED in figure 10.1. Omitting

Hβ absorption correction (large symbols and error bars in the figure) we find for all

sources a ratio of AV,neb/AV,SED ∼>1, (ranging from ∼ 0.86 for BX389 to 3.82 for BX610),

supportive of extra attenuation towards HII regions. If we correct for Hβ absorption,

AV,neb decreases by 17 – 42%. Still, the AV,neb/AV,SED ∼>1, BX389 being slightly lower than

1 at 0.71.
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Various simplifying assumptions had to be made in our correction for Hβ absorption,

and an additional possible caveat of our result is that we compare AV,SED from modeling

of SEDs for the entire source with AV,neb from Balmer decrements measured over the

smaller areas with sufficient S/N for Hα and Hβ . If the extinction in the central parts

of our galaxies probed by our line measurements is higher, this could mimic extra at-

tenuation towards HII regions in the diagram of figure 10.1. Better source-integrated

Balmer decrements (higher S/N to larger radii and no OH contamination) and/or high

resolution and high S/N optical to near-infrared imaging allowing spatially-resolved SED

modeling (e.g. Wuyts et al. 2012) would enable more consistent AV,neb versus AV,SED

comparisons, and, ultimately, a robust assessment of whether HII regions are on average

more obscured than the bulk of stars in high-z galaxies.

Figure 10.1.: Extinction based on SED modeling, AV,SED plotted versus the Balmer Decre-

ment ’nebular’ extinction AV,nebular. The dotted line denotes the 1:1 rela-

tion, the dashed line shows the relation if one assumes extra attenuation

towards HII regions relative to the bulk of stars following Calzetti et al.

(2000). Large symbols and error bars: no Hβ absorption correction. The

connected small symbols below show how AV,neb changes when accounting

for Hβ stellar absorption as described in the text.
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10.3. Case study: spatially-resolved extinction in BX610

From studies of spatially-resolved extinction in the local universe it is long known that

the distribution of dust can be highly non-uniform. For higher-z objects, comparing , for

instance, broad-band morphologies at optical and near-infrared wavelength one can get

an estimate of the dust distribution as optical observations probe the rest-UV, which is

more affected by dust and obscuration than the rest-optical light observed in the near-IR

(e.g., Cameron et al. 2010 at z∼0.4). By comparing different estimates of the source-

integrated extinction in the previous section, we presented evidence for a higher atten-

uation towards star-forming HII regions than towards the bulk of the stars, and thus

evidence for global non-uniformity of the dust distribution.

In the following, we now take the ultimate step afforded by the full spatial mapping

of SINFONI and present spatially-resolved extinction measurements in a case study of

one galaxy, BX610, which gives – for the first time – direct information on the spatial

distribution of obscuring dust towards the HII regions in a z∼2 galaxy.

BX610 is our best object in terms of the quality of the data for the combined Hα and

Hβ lines. In figure 10.2 we show the spatially-resolved extinction we have extracted

from the BX610 data set. No data, however, exists to spatially correct for Hβ absorption

as done for the spatially-integrated analysis in the previous section. In the upper row

on the left, we show the Hα (black) and Hβ line flux (green) in major (solid line) and

minor apertures (dotted line). The fluxes in concentric annuli is shown on the right.

The Hα /Hβ ratios for the apertures and annuli are plotted below in the middle row. The

actual placement of the apertures and annuli over the source is shown in small insets.

The bottom row, left, shows a flux map of Hα and Hβ , where for Hα the intensity is

color-coded and for Hβ over-plotted as contours. The resulting AV,neb map is on its right.

Hα intensity is over-plotted as contours. No extinction could derived for the pixels shown

in grey color as the measured Hβ line flux S/N is < 3.

All plots show a general increase in the derived AV,neb towards the center of the galaxy.

Comparing major and minor axis and the map, the spatial variations across the source

are readily visible. The difference of major and minor value in the center is due to

different coverage of the apertures within single pixels (see the AV,neb map for masked

pixels also in the center). The spatially-resolved [NII]/Hαdata (cf. figure 9.12 and 9.18)

show a peak in metallicity at the center, where AV,neb peaks. Moreover, the molecular

gas distribution traced by the CO(3-2) transition obtained at a resolution of ∼0.9′′ with

the IRAM Plateau de Bure interferometer is centrally concentrated (Tacconi et al. 2010).

Given the general relationships between dust, molecular gas, and metal content (e.g.

Leroy et al. 2011; Genzel et al. 2012) this additional evidence would support the increase

in nebular extinction in the inner parts of BX610.

217
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Figure 10.2.: Spatially-resolved extinction in BX610

Upper two rows: Hα and Hβ line flux, the Hα /Hβ ratio and corresponding

nebular extinction AV,neb in apertures along major and minor kinematic axis

(left) and concentric annuli (right). Insets: location of apertures and annuli

Lower left: Hα line map with Hβ flux distribution contour overlay. Lower

right: spatially-resolved extinction map. For map pixel in grey color no

extinction could be derived as the Hβ line flux S/N is < 3.
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Chapter 11.

Summary and outlook

11.1. Summary

The main findings from the analysis of the line emission properties of z∼2 massive star-

forming galaxies presented in the second part of this thesis can be summarized as fol-

lows:

OH lines must be dealt with carefully - in observation planning and data

analysis

Particular attention needs to be given to the influence of night sky line contamination on

emission line measurements in the near-infrared spectrum of faint high-redshift galaxies,

even for source-integrated measurements. For instance, if one or more lines shift into a

wavelength range strongly affected by a sky line for a sub-region of a galaxy due to its

kinematic properties, the combination with other unaffected lines becomes less reliable

and the different lines will effectively probe line emission from different regions of galaxy.

This is exacerbated by the fact that the emission line properties of galaxies may not

necessarily be symmetric about the center –even for disks– as our analysis of axis and

radial profiles, and of line ratio maps showed for some of our sample galaxies.

Even in our very carefully selected objects –a subset of the full parent SINS Hα sample

optimized for OH avoidance for Hα and the additional diagnostic lines of [NII], [OIII], and

Hβ – one or more of these lines turned out to be significantly affected by a nearby OH

line over some part of the galaxy, hampering full spatially-resolved analysis.

This work thus emphasizes how important the above considerations are for planning

targets and strategies, and for exploiting the data from on-going and future near-infrared

multi-object spectrographs and IFUs such as LUCIFER at the LBT, KMOS at the VLT, and

MOSFIRE at Keck.
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11.1. Summary

Evidence for significant spatial variations in line excitation mechanism,

nebular oxygen abundances and/or extinction

Of our sample of 12 galaxies with observations targeting multiple emission lines, 10 had

sufficient S/N and little (3 objects) or no (7 objects) showed OH contamination for one or

more of [NII]λ6584 , [OIII]λ5007 , and Hβ to allow extraction of emission and kinematic

maps. In general, the velocity fields and velocity dispersion maps are consistent with

those derived from the (brighter) line of Hα . In terms of morphologies, noticeable differ-

ences between different emission lines were found in several cases, suggesting spatial

variations in line excitation mechanism, nebular oxygen abundances and/or extinction.

The distribution of star-forming and AGN sources at z∼2 can be significantly

offset from that of the bulk of local galaxies in the "BPT" line excitation

diagram

The emission line ratios of our sample of z∼2 massive galaxies show a range of excitation,

from ratios consistent with pure star-forming regions to high-excitation ratios indicative

of an important contribution from AGN. For all our star-formation dominated sources we

find an offset to higher [OIII]/Hβ compared to the mean [OIII]/Hβ for local SDSS galaxies

at comparable [NII]/Hα . As such, our sample covers a similar area of the BPT diagram

as other z∼1–3 samples in other studies.

Diverse offset causes; AGN, different nebular conditions, and/or shocks

A closer examination of the objects in our sample for which reliable line ratio maps and

profiles could be extracted reveal that in some cases, the offset above the star-forming

sequence of local SDSS galaxies can be due to the presence of a central AGN (sometimes

of too low luminosity or too obscured to be identified in the rest-frame UV spectrum),

with the magnitude of the offset reflecting the relative importance of star formation

and AGN to the observed line emission. However, in other cases, our data resolved on

scales of a few kpc indicate no sign for an AGN, such that the offset could be due to

different nebular conditions (metallicity, ionization parameter, electron density) and/or

contributions by shocks.

Mass-metallicity broadly consistent with previous studies; likely more

dusty/metal rich objects in our sample

Focussing on [NII]/Hα as metallicity indicator, our star-forming sample, augmented with

the other non-AGN galaxies from the full SINS Hα sample, follows a similar mass-metallicity

relation as reported previously at z∼2 by Erb et al. (2006a). The only notable systematic

difference is that at the high-mass end, our galaxies tend to lie at slightly higher metal-

licities than those of Erb et al. We cannot exclude that this could be due to a somewhat
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more important contribution by low-luminosity or fairly obscured AGN unidentified even

in our (mostly seeing-limited) data. However, our sample includes a larger proportion

of objects selected from criteria less biased towards blue, mostly obscured z∼2 galaxies

compared to the Erb et al. (2006) sample. Consequently, a higher proportion of massive,

dustier –hence likely more metal rich– objects in our sample could explain this difference

as supported by the trends we find for the inferred oxygen abundance ( and offset above

the Erb relationship) with observed B −K color and AV derived from SED modeling.

Our data are broadly consistent with the Fundamental Metallicity Relation

Our [NII]/Hαbased metallicities appear to be broadly consistent with a fundamental

metallicity relation (FMR) relating M∗, SFR and metallicity as proposed by Mannucci

et al. (2010). However the scatter in the data is, as for the mass-metallicity relation,

very large.

Shallow, negative metallicity gradients; no evidence for positive gradients.

Among the six objects for which we can extract reliable [NII]/Hα radial profiles, and

excluding previously known AGN, we find no evidence for positive metallicity gradients,

as has been reported in some z∼3 and z∼1 galaxies observed at similar (seeing-limited)

resolution as our galaxies. In three cases, the negative gradients we measure may be

biased towards steeper slopes by the possible presence of an AGN suggested by our

[NII]/Hαmaps. On the other hand, the significant beam-smearing of seeing-limited data

may bias the observed gradients towards shallower slopes compared to intrinsic negative

gradients. Higher S/N and resolution observations are necessary to overcome these

limitations.

Evidence for extra attenuation towards HII regions, significant spatial

extinction variations in one case study.

From the Balmer decrement measured in six of our galaxies, we find evidence of possi-

ble extra attenuation towards HII regions with respect to the bulk of stars dominating

the optical-near-IR SED, assuming that spatial variations in extinction across the objects

can be neglected. Our best case object in terms of quality of spatially-resolved Hα and

Hβ emission reveals however significant radial variations in Hα /Hβ , hence derived neb-

ular extinction. The inferred extinction peaks at the center, which is also where the

highest oxygen abundance and molecular gas concentration are inferred.
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11.2. Outlook for future studies

SINS, and its extension with the zC-SINF sample, constitute is the largest integral field

observation survey of high-redshift galaxies with z=1.5-2.5 to date. More than 100 galax-

ies have been observed so far by our team in at least one emission line. Compared with

local studies, however, the number of objects is still small and, for statistical analysis,

data from many more objects over a wide range of galaxy properties are needed. Collect-

ing IFU or even simply spectroscopic data for large samples in the high redshift universe

is a very time consuming process as exposure times are of the order of several hours

per target in the near-infrared where many key diagnostic –restframe optical– emission

lines are redshifted to. Thus large NIR spectroscopic surveys can only be carried out

efficiently using instruments that provide multi-object capabilities.

While no NIR multi-object integral-field spectrometer is commissioned yet (KMOS for

the VLT is planned for commissioning in Fall 2012), multi-object slit-mask spectrome-

ters, which provide 1D spectra, are now becoming available. With these instruments it

is possible to obtain spatially-integrated data or limited resolution “cuts” across an ob-

ject similar to the aperture data presented in this work. However, this comes with the

important inherent limitation of slit-spectroscopy, i.e., slit losses. LUCIFER at the Large

Binocular Telescope is one of three full cryogenic instruments at 8m class telescopes (the

other two being MOIRCS at the Subaru telescope, MOSFIRE at Keck and FLAMINGOS-2

at Gemini-South) that are now on sky, delivering first data. There exists another in-

strument featuring a NIR multi-object unit, FMOS at Subaru, however this unit is non

cryogenic and cannot be used for observations beyond 2µm as the thermal background

radiation becomes to high.

We aim to extend our SINS survey in two ways in the coming years. Obtaining large sam-

ples of spatially-integrated data with LUCIFER and –as soon as KMOS becomes available–

spatially-resolved samples.

Our LUCIFER programs emphasize multi-line analysis from integrated or axis-profile ra-

tios. First results on ∼100 z∼1.5–2.5 objects provide confirmation of those emerging

from the more limited sample studied in this thesis on the distribution in the BPT di-

agram, mass-metallicity-star formation (M-Z-SFR) relationships, and nebular extinction

(see section 5.5.1, figure 5.9, as well as Kurk et al., and Loose et al., in preparation).

The KMOS survey is being designed, with science goals taking advantage of the IFU

capabilities (resolved kinematics amongst others). Results obtained as part of this thesis

form a crucial basis in planning and exploiting these new surveys.
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Near-IR atmospheric OH line emission:

origin and properties

OH airglow is the collective line emission from OH radicals in the Earth’s atmosphere.

These emission lines are prominent in the wavelength range of 0.8 ∼< λ ∼< 2.4µm, and

are brightest and most numerous in the H band around 1.5µm. The emission is mainly

caused by transitions with ∆v = 2 − 5 between vibrational states of the OH molecule.

The lines are basically fine-structure doublets, triplets or quadruplets with an intrinsic

line width of an individual line of ∼ 0.1Å given a kinetic temperature around 220K. They

originate in the upper atmosphere around an altitude of 87km as a product of reactions

between hydrogen and ozone H+O3 → OH∗+O2. Beyond ∼ 2.4µm the background is

dominated by thermal emission (Baker et al. 1973, Oliva and Origlia 1992; Maihara et

al. 1993; Osterbrock et al 1996; Rousselot et al. 2000; Ellis et al. 2008). For low

resolution (R := λ/∆λ ∼< 1000) spectrographs only the P-branch lines (vibration-rotation

transitions where ∆J = −1) can be resolved. Transitions with ∆J = 0 and ∆J = 1, i.e.

Q- and R-branch, are still blended together. To be able to resolve those blends and to

look between the OH lines, thus getting more free spectral range where emission lines

from astronomical objects can be observed and resolved, a spectral resolution of ∼> 3000

is necessary.

The brightest OH lines in the H band have fluxes of the order of 400 photons s−1 m−2

arcsec−2 whilst the background continuum between these lines is only around 600 pho-

tons s−1 m−2 arcsec−2 µm−1, as measured by Maihara et al. (1993). This implies the

background on an OH line is 3 magnitudes higher than between them at R∼3000. Com-

pared to the emission line fluxes of high-redshift galaxies as studied in this work, which

are of the order 10−16W m2 µm−1, the night-sky emission is brighter by a factor of ∼100-

1000 than the objects.

Despite all the complications that arise from OH contamination, their presence in the

spectra can also be put to scientific use: OH lines can serve as a wavelength calibration

source, which is taken simultaneously with the observations of the astronomical source

of interest. Extensive line lists have been compiled in the past (see e.g. Oliva 1991,
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Figure A.1.: OH lines in the H and K band calculated for different spectral resolutions.

Green: R=4500, red: R=500. A model galaxy spectrum at z=2.21 is plotted

in blue. At low resolution the OH lines blend together making it impossible

to discern individual lines.

Maihara 1993, Rousselot 2000) listing approximately 100 bright OH lines that can be

used for robust calibration purposes in the wavelength interval 1-2.2 µm. The use of the

OH lines in the science data themselves allows one to achieve higher accuracy in the

wavelength calibration since subtle changes due, e.g., to instrument flexure from one

exposure to the next can be tracked precisely.
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Plots - Apertures and Annuli used for the

radial and axis profiles in emission line

ratios

On the following pages, we show the detailed analysis plots behind the metallicity gradi-

ents presented in table 9.5 and in figures 9.11 and 9.12.

For each source, the left column shows the measurements and apertures along the minor

and major axis, the right column shows those in concentric annuli. In each column we

show (from top to bottom) Hα and [NII]λ6584 flux, the [NII]/Hα ratio and gradient, the

placement of the extraction regions on top of the Hαflux map, and overlaid the Hαbased

velocity map.

In the flux plots, the major axis flux is shown as a solid line, the minor axis flux as a

dotted line. For the concentric annuli, we plot the flux per kpc2. Black symbols and lines

correspond to Hα , green to [NII].

The [NII]/Hαplots give the [NII]/Hα ratios in the corresponding regions. For the regions,

for which only a limit could be derived, the 3σ limit is given. The source-integrated

metallicity is indicated as a solid orange horizontal line. Solar and half-solar metallicity

is plotted for reference.

In the plots showing the extraction regions on the maps, the apertures along the minor

and major axis are labeled M (major) and (m) minor in the corresponding leftmost region

(most negative offset from the galaxy center). The Hαflux intensity is shown by the

color image and the [NII] flux is overlaid as contours. We indicate the size of the PSF as

well as the physical scale with a 8kpc (seeing-limited data) and 1kpc stick (AO data) for

reference.
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Figure B.1.: Hα and [NII]λ6584 emission line fluxes and N2 metallicity in major and mi-

nor axis apertures and concentric annuli for D3a-15504.
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Figure B.2.: Hα and [NII]λ6584 emission line fluxes and N2 metallicity in major and mi-

nor axis apertures and concentric annuli for D3a-6004. Details see text.
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Figure B.3.: Hα and [NII]λ6584 emission line fluxes and N2 metallicity in major and mi-

nor axis apertures and concentric annuli for D3a-6397. Details see text.
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Figure B.4.: Hα and [NII]λ6584 emission line fluxes and N2 metallicity in major and mi-

nor axis apertures and concentric annuli for ZC782941. Details see text.

229



Appendix B

Figure B.5.: Hα and [NII]λ6584 emission line fluxes and N2 metallicity in major and mi-

nor axis apertures and concentric annuli for ZC782941 AO Scale. Details

see text.230
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Figure B.6.: Hα and [NII]λ6584 emission line fluxes and N2 metallicity in major and mi-

nor axis apertures and concentric annuli for BX610. Details see text.
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Figure B.7.: Hα and [NII]λ6584 emission line fluxes and N2 metallicity in major and mi-

nor axis apertures and concentric annuli for ID7. Details see text.
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Appendix C.

Adaptive Optics

Ground-based astronomy faces a major challenge if one wants to carry out observations

with the full resolving power of an optical / near-IR instrument at large telescopes. The

theoretical resolution of an optical system is defined by Θ = 1.22λ/D where D is the

diameter of the optical aperture. It is the angular radius of the first minimum in the Airy

disc, the PSF in the case of a circular aperture and a point source at infinity. The FWHM

of the central Airy profile is Θ′ = 0.98λ/D. For the VLT (D=8.2m) the theoretical FWHM

is 0.054′′at λ=2.2micron.

However, circulation and turbulence in the Earth’s atmosphere distort the position and

change the amplitude and phase of electromagnetic waves from the observed astronom-

ical objects on timescales of milliseconds, an effect known as ’seeing’. This turbulence

severely limits the achievable resolution to λ/r0 ≈ 1′′, where r0 is the Fried parameter

defined as the expected diameter over which the RMS of the phase distortion is 1rad. It

is as such a measure of how large a segment of the wavefront can be treated as a plane

wave, thus describing the diameter of a typical turbulence cell in the atmosphere. At 2.2

micron and for average observing conditions r0 is around 60cm. Under good to excellent

observing conditions r0 can grow to ∼>1m, leading to a FWHM of ∼0.3-0.5′′in the near-

infrared. The value of r0 scales with wavelength as λ6/5. With FWHM = 0.98 λ/D and

replacing D by r0 one gets the dependence of the seeing on the observed wavelength.

The seeing and thus the effective FWHM resolution scales with λ−1/5. It is therefore

slightly better in the NIR compared to visual wavelengths.

To partly overcome this limitation caused by the atmosphere, different techniques sum-

marized under the name speckle imaging have been introduced. The distorted wavefront

produced by the atmosphere can be approximated by a combination of different plane

wavefronts each of which produces an Airy disk in the focal plane. The collection of Airy

disks of all sub-wavefronts is the speckle pattern with the number of individual speckles

being proportional to (D/r0)2. The pattern is dynamically changing due to the varying

turbulence but can be freezed out with exposure times <1/20s. In the shift-and-add

technique, the individual speckle pattern exposures are mutually aligned by the bright-
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est speckle and averaged. Combined with ’Lucky Imaging’, i.e. selecting only the best

∼10% of the exposures, this technique can result in a near-diffraction limited quality

image (e.g. Hofmann et al. 1995; Law et al. 2006).

Adaptive optics systems in turn correct the distorted wavefront itself in real time using

deformable mirrors in the optical path. To analyze the incoming wavefront and to de-

termine the correction that needs to be applied to the wavefront, a bright point source

(e.g. nearby star) is observed using a wavefront sensor. The deformable mirror is driven

in such a way that the incoming wavefront is artificially distorted in order to cancel out

the distortion created by the atmospheric turbulence by varying the optical path length

across the spatial extent of the incoming wavefront.

The rate at which the wavefront needs to be corrected is defined by the parameter τ0. It

is the atmospheric time constant, defined as τ0 = 0.314 r0/v, where v is the wind velocity

averaged over the altitude. It stems from the simplified model of turbulence as fixed

phase screens that are driven across the telescope aperture by wind. The performance

of an AO system can be quantified by the Strehl ratio Rs. It is defined as the ratio of

the central intensity of a PSF to the central intensity of the Airy function for the same

source. For a perfect AO system Rs=1. Typical values that have been achieved in the NIR

are Rs ∼ 0.3. The distance between the science object and the star used for measuring

the wavefront is limited. Their maximum separation is given by the isoplanatic angle

θ0 = 0.314 r0 cos(γ)/h̄, which is the largest angle for which the distortions differ by less

than 1rad. h̄ is a characteristic average turbulence height and γ the angular distance of

the object from zenith. The averaging for the height is done by weighting the refractive

index structure constant C2
n(h) with h5/3. For small θ the phase distortion for reference

star and science object do not differ too much, but for θ0 ≥ r0 /h, the phase distortions

will be uncorrelated.

Since the probability of finding a suitable wavefront reference star within the isoplanatic

angle is of the order of 1%, artificial guide stars projected by a laser system into the at-

mosphere have been developed. Since a laser guide star (LGS) can be placed arbitrarily

near the object and is bright (∼ 12-13mag), the probability of achieving a good AO cor-

rection rises significantly. However, the AO correction with laser guide stars is different

from that using natural guide stars: the tip-tilt component can not be derived, since the

laser is launched from ground and thus the light travels up and down through the atmo-

sphere. This eliminates the displacement component of the laser guide star while the

astronomical science object is still displaced by the atmospheric turbulence. A close-by

Tip-Tilt reference star (TTS) needs to be observed in addition to the laser guide star to

correct for the tip-tilt component. Another important limitation when using an LGS is in-

duced by the cone-effect: because of the focus anisoplanatism, the LGS is not projected

to infinity but to a distance of about 70 km into the atmosphere’s sodium layer, and the

cross section of the atmospheric turbulence that is sampled by the LGS is cone-shaped.

The light from the science source, however, originates from infinity and thus the atmo-
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Figure C.1.: Block diagram of an adaptive optics (AO) system

spheric cross section is a cylinder with the diameter corresponding to the diameter of

the primary telescope mirror. Therefore not all distortions of the science light wavefront

are sampled. This leads to a phase-estimation error, which reduces the accuracy of the

wavefront correction. The induced phase error in LGS mode is roughly equivalent to the

error present when the NGS is 10′′away from the object, which is in H band already near

to the edge of the circle described by the isoplanatic angle.
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[328] G. Stasińska. “What can emission lines tell us?” In: ArXiv e-prints (Apr. 2007).
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