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A study of [CII] 158 um emission line profiles observed with Herschel PACS for 379 galaxies
is presented. Emission line widths are compared to [CII] luminosities, to near-infrared 1.6 um
luminosities and to infrared 22 um luminosities to decide if any luminosity relates to velocity
dispersion. Archival data for [CII] fluxes and line profiles are taken from http://cassis.sirtf.com/
herschel/. Line profiles are classified as Gaussian, flattened and asymmetric. H magnitudes are taken
from 2MASS catalogues, and 22 um fluxes from the WISE catalogue. These luminosities are
compared to [CII] line Full Width Half Maximum. Asymmetric profiles are not primarily AGN,
which indicates that asymmetries are not produced primarily by outflows from the nuclear region.
[CII] line widths do not show a significant correlation with any measure of galaxy luminosity. The
correlation having smallest dispersion is with the H band luminosity for which L(H) ~ FWHM?®7,
which is a much flatter correlation than the L ~ FWHM?* previously found for optical emission lines
or stellar velocity dispersions.
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1. Introduction. Investigation of early galaxies is crucial for understanding
galaxy formation and evolution. A particularly important new capability is the
study of the far infrared [CII] 158 um emission line. Especially in dusty, obscured
sources it may be the only line observable with currently available techniques.

This [CII] line is the strongest far-infrared line in most sources [1-5] and
is associated with star formation because it arises within the photodissociation
region (PDR) surrounding starbursts [6-9]. Numerous observations of the [CII]
line have been made [10-15] using the Photodetector Array Camera and Spectrometer
(PACS) instrument [16] on the Herschel Space Observatory [17]. The [CII] line
profiles are often of very high quality, with velocity resolution <250 kms™, so the
line profiles themselves potentially contain diagnostic information.

In previous papers [18,13], we compared the [CII] line with mid-infrared
emission lines and with the Polycyclic Aromatic Hydrocarbon (PAH) feature
observed with the Infrared Spectrograph (IRS; [19]) on the Spitzer Space Telescope
[20]. These comparisons led to our calibration of the star formation rate (SFR)
based on [CII] luminosities such that logSFR =1ogL([CII]) - 7.0 for SFR in solar
masses/year and L(][CII]) in solar luminosities. For those sources also observed
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at high resolution with the IRS, we compared line widths for various emission
lines and confirmed the association of [CII] with the starburst component of 379
sources ([21], hereafter S16). The [CII] line profiles were published in S16. In
this paper our primary new results are a classification of the line profiles based
on shape, and comparisons of the line widths with various other properties of the
galaxies to search for astrophysical mechanisms that control the line widths.

2. Sample selection and data. For the analysis in this paper, the [CII]
profiles shown in S16 are used. These profiles arise from the 8"x8" spaxel of
the PACS observation which is most closely aligned with the position of the
Spitzer IRS observations used for comparisons in S16. All data used for the
analysis in section 3 are available in VizieR Online Data Catalog. Table 1 lists
some objects as an example from the catalog. In the columns of Table 1 are
sequentially given: 1) name of objects, 2) luminosity distance in Mpc determined
using redshift if z>0.01 with H =71km/s/Mpc, Q,, =0.27 and Q, =0.73, from

Table 1

DATA SOURCES IN FIGURES. COMPLETE LIST IS IN VizieR
ONLINE DATA CATALOG

Object Name D |FWHM |Classifi- | Size | L([CII])| H |L(H) |22 pum|L(22) pm

cation

1 2 3 4 5 6 7 8 9 10
Mrk0334 95.2 249 g 346 7.90 11.1 | 10.29| 2.46 10.52
NGC0023 64.6 386 g 2.38 7.96 9.3 | 10.67| 2.50 10.16

NGC34/mkn938 | 83.3 364 g 3.04 7.84 10.5] 10.38| 1.72 10.7
MCG-02-01-051/2 | 118 197 g 4.23 8.24 11.8 | 10.19] 2.38 10.73
IRAS00188-0856 | 596 310 g 17.74| 8.26 14.0 | 10.72| 4.32 11.37

IRAS00199-7426 | 436 269 g 13.76 8.67 132 | 10.77| 4.06 11.2
Haro 11 88.9 157 g 324 7.83 124 9.71| 1.48 10.85
NGCI185 0.72 47 g 0.03 2.34 7.1 7.63| 7.54 4.25
E12-G21 143 333 g 5.08 8.14 11.3 | 10.57| 3.95 10.28

IRAS00397-1312 | 1317 31.38 | 8.17 | 1551 10.80| 4.61 11.94

NGC0232a 984 | 449 g 3.57 823 1103 |10.62| 254 | 1051
NGC0232b 958 | 499 g 348 6.85 |[10.510.52] 333 | 10.18
NGC253 324 67 g 0.12 5.84 4.1 | 10.13]-2.66 9.63
1ZW1 271 310 g 9.12 7.85 |[11.2 | 11.15] 2.37 | 1146
MCG+12-02-001 | 68.8 | 106 g 2.53 7.86 109 |10.07| 1.19 | 10.74
NGC0317B 725 399 g 2.66 785 | 119 9.73] 2.60 | 10.23
ESO541-1G12 250 | 340 g 8.49 7.69 | 119 |10.81] 347 | 10.95
IRAS01003-2238 | 542 100 g 1647 801 |153]10.12| 310 | 11.77
3C31 725 699 f 2.66 6.69 89 | 1092 6.44 8.69
3C120 14521 289 a 5.16 7.51 |11.09| 10.65| 2.883| 10.71

Arpl93 100.7| 391 a 3.65 837 |11.45| 10.19| 2.379| 10.6

f

NGC7603 127.1 398 4.55 7.66 [9.958| 10.99| 3.356| 10.41
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Fig.1. Examples of profile classifications as Gaussian (top, NGC3393), flattened (center,
NGC7603), and asymmetric (bottom, ESO323-G077) as listed in Table 1. All profiles used are
shown in http://cassis.sirtf.com/herschel/.
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[24]. If the redshift is <0.01, redshift-independent distances from NASA Extraga-
lactic Database are used. 3) FWHM of [CII] emission line profile shown in S16.
Values of 100 are sources with observed FWHM less than instrumental resolution.
4) Classification of profile shape; "g" is Gaussian, "a" is asymmetric and "f" is
flattened. Sources with missing classification are those with [CII] in limits, or very
noisy profiles. 5) Projected size corresponding to 8 arcsec PACS spaxel. 6) Log
of luminosity in solar luminosities of [CII] line using line flux from profiles in
S16. 7) H band magnitude from 2MASS using Extended Sources Catalog and All-
Sky Catalog for Point Sources. 8) H band luminosities vL, in solar luminosities
using H magnitudes from 2MASS. 9) 22um (band 4) magnitude from AIIWISE
Data Release. 10) 22 um luminosity vL in solar luminosities using WISE 22 um
magnitudes. The full table is available online in VizieR lists all sources with the
same numbering and naming conventions as in S16; coordinates, observation
numbers, and other ancillary data are in S16.

The [CII] results in Table 1 are some of the profile classifications with
examples in Fig.1, the full list of the FWHM of the profile from the Gaussian
fits illustrated in http://cassis.sirtf.com/herschel/(profiles and profile data are in the
EPS column under "Line Profile"), and the luminosities of the [CII] line derived
from the fluxes shown in the profiles. The FWHM-s listed are intrinsic widths,
after correcting for instrumental resolution of 236 km/s. The FWHM errors are
also given in the webpage, the errors are so small, that they can be neglected.
Archival data for H band fluxes and luminosities from the Two Micron All Sky
Survey (2MASS; [22]) and for 22 um fluxes and luminosities from the Wide-Field
Infrared Survey Explorer (WISE; [23]) are also given.

For use in the present paper, I have classified all of the [CII] profiles by shape,
as compared to the best fitted Gaussian profiles illustrated in S16. The objective
of this classification is to distinguish among profiles obviously affected by disk
rotation and those profiles which probably arise because of virialized three dimen-
sional motions of the gas. Flattened profiles are those which have the clearest
evidence of velocities dominated by rotation. Asymmetric profiles show evidence
either of systematic gas outflows, or of rotation by an inhomogeneous disk.

3. Analysis and discussion. The objective of this study is to search for
what physical characteristic of the galaxies is primarily responsible for determining
the observed [CII] profile widths. Much of the analysis in S16 was designed to
compare the [CII] line to mid-infrared forbidden lines observed with the Spitzer
IRS, with the goal of seeking differences between AGN and starburst sources. As
described and reviewed in that paper, the mid-infrared AGN/starburst classification
is made using the strength relative to continuum (equivalent width - EW) of the
6.2um PAH emission feature. In Fig.2, the [CII] line widths are seen to be
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independent of this classification, as also shown in S16.

The new result in Fig.2 is including the classification of profile shapes. One
notable conclusion is that the asymmetric and flattened profiles are generally
broader. This indicates that profiles with evidence of rotation generally show higher
velocities. This is expected from dynamics of disk rotation compared to three
dimensional velocity dispersions arising within a galactic bulge, as pointed out for
example by Nelson & Whittle [25]. The rotational velocity of the disk represents
the potential of the disk and halo, yielding V  expected to be about 1.5 times
the dispersion within the bulge. That flattened profiles are broader is evidence that
the classification of profiles has a meaningful physical interpretation and leads to
the comparisons below that use only Gaussian profiles for considering which
galactic properties might control these velocity dispersions. Another important
conclusion from Fig.2 is that the asymmetric profiles are not primarily AGN,
which implies the asymmetries are not produced primarily by outflows from the
nuclear region.
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Fig.2. Profile FWHM compared to AGN/Starburst classification showing Gaussian profiles
(+), asymmetric profiles (X) and flattened profiles (O). Horizontal axis shows the classification of
sources using the 6.2 um PAH feature; AGN have EW(6.2 um )<0.1 um , Composite (AGN plus
starburst) have 0.1 um <W(6.2 pum )<0.4 um , and starbursts have EW(6.2um) > 0.4 pum.

Fig.3 shows the comparison of luminosities to sizes. The luminosities of the
[CII] sources in Table 1 are for a single PACS spaxel. Transforming the 8" spaxel
to a physical size gives the values in Table 1, which are plotted in Fig.3. The [CII]
luminosities for the local sources level off for sizes > 8 kpc, indicating that most
luminosity arises with this area. This is also an appropriate size to adopt for a galactic
bulge, so the kinematical analysis below for the FWHM will be restricted to sources
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of size <8kpc. If more details are desired of galaxy morphologies, optical images
of individual sources can be seen with overlays showing the PACS spaxels in the
"footprint" column of http://cassis.sirtf.com/herschel/.
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Fig.3. [CII] luminosities compared to observed size. Symbols are as in Fig.2.

The second objective of this paper is to compare [CII] FWHM to other galactic
parameters in search of correlations. It has long been known that stellar velocity
dispersions within galactic bulges relate to bulge luminosity with a form L oc on
for o the stellar line of sight velocity dispersion. This relates to the FWHM by
FWHM =2.35c, and FWHM is normally used as the measure of velocity
dispersion when using optical emission lines [26-28]. The initial study [29] found
that 3<n<4. In a reevaluation of a large sample of galactic bulges, Whittle [27]
found n=3.2. When using the [OIII] optical emission line, primarily for Seyfert
galaxies, he found n=2.2. Subsequent studies by Nelson & Whittle [25] and
Shields et al. [28] determined that even the [OIII] widths from the narrow line
region of AGN are controlled primarily by bulge gravity rather than by other
sources inputing kinetic energy to the gas. More recent studies of relations between
velocity dispersions and bulge gravity emphasized the use of sigma to determine
relations among the masses of central black holes, bulge velocity dispersions, and
bulge luminosities. The comprehensive summary of Kormendy & Ho studies [30]
yields n= 3.7, and that of McConnell & Ma [31] gives n=15.1.

Based on this extensive previous work, it would be expected that any integrated
measure of velocity dispersion for a galaxy should show a meaningful correlation
with the mass of that galaxy. This is my motive for comparing the FWHM of
the [CII] lines with three different measures of galaxy luminosity, each of which
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measures a different mass. The three parameters are: 1. the luminosity of the [CII]
line itself, which scales primarily with the photodissociation regions surrounding
starbursts and so scales with the gas mass connected to star formation; 2. The
luminosity of dust reradiation, taken as 22 um dust luminosity, which scales with
the total luminosity of younger, hotter stars that are heating the dust; 3. The near
infrared (H band) luminosity of the galaxy, which scales with the total luminosity
of the evolved stars. Comparisons of [CII] FWHM with these three measures of
luminosity are shown in Fig.4 and 5. These plots include only sources in Table
1 with Gaussian profiles, and only objects with size <8 kpc. This gives more
confidence that the observed FWHM represent velocity dispersions that measure
gravity from the halo regions of the galaxies.

Fig.4 illustrates the results using the conventional comparison of logl with
logFWHM. In all cases, the value of # is much smaller than previous studies using
stellar velocity dispersions or optical emission lines. For [CII] luminosities, n=1.52
*0.24; for 22 um luminosities, »=0.38 = 0.20; for H luminosities, n=0.73+0.11.
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In Fig.5, the fits are shown using linear values for FWHM to compare scatter
among the comparisons using the different parameters. These plots show the scatter
in the luminosity distributions above and below the formal fits (+1c for logL)
within three different ranges of FWHM. In all cases, the scatter is extreme. The
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range of luminosities at a given value of FWHM is comparable in all cases to
the full range of FWHM over all luminosities. There can be a factor of 5 range
in gas velocities for the same value of luminosity. It does not appear, therefore,
that FWHM for [CII] can be used in a meaningful way to predict any kind of
galaxy luminosity.
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Despite the large scatters, the results do imply a meaningful conclusion. The
luminosity dispersions are smallest for the H band luminosities, next for the dust
luminosities, and largest for the [CII] luminosities. This scaling of luminosity
dispersions also progresses the same as the uncertainties in the slopes of the line
fits in Fig.4 (smallest uncertainty for H luminosity). In both cases, therefore, the
correlation of FWHM with H band luminosity is better than with either other
parameter. I conclude from this that the gravity associated with the mass of evolved
stars is a factor controlling the widths of the [CII] line. Nevertheless, the large range
in gas velocities that can be found at the same value of luminosity remains puzzling.
It seems that some unidentified process other than straightforward gravitational forces
within the galactic bulge is the primary controller of CII gas velocities.

4. Summary. 1 classify [CII] 158 um profiles for 379 galaxies observed with
Herschel PACS as Gaussian, flattened and asymmetric based on the comparison
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of observed profiles to Gaussian fits. Profile shapes can indicate the origin of the
line widths because the lines whose width is caused by three dimensional random
motions in a galaxy should be Gaussian, but widths caused by rotation of a disk
should not be Gaussian. Emission line widths are compared to [CII] luminosities,
to near-infrared 1.6 um luminosities and to infrared 22 um luminosities to decide
if any luminosity accurately relates to velocity dispersion. The luminosity dispersions
are smallest for H band luminosities and the slope uncertainty for the line fit
is the smallest for H luminosities. I conclude from this that the gravity associated
with the mass of evolved stars is a weak factor controlling the widths of the [CII]
line, but line widths are primarily determined by a mechanism that is still
unknown.
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AHAJIM3bl TOJIYILMPUHBI DMUCCUOHHOM
JIMHUU [CI1] 158 MKm

AJL.CAMCOHAH

B paborte nipeacrasneHo vcciienoBaHue npodueit amuccuonHoin auHuu [CII]158
MKM s 379 ramakTtuk, HabaogaeMbIX ¢ TToMolblo MHCTpymMeHTa PACS kocmu-
yeckoii obcepBaropun I'epitiesnb. TTomyllMpuHbl SMUCCUOHHBIX JIMHUM ObLTM CpaBHEHbI
CO CBETHMOCTbIO B OJIMKHEN MH(ppaKpacHOi 00JacTi 1.6 MKM U CO CBETUMOCThIO
B HMH(MpakpacHoil obmactu 22 MKM, YTOOBbI MOHSITh - CBSI3aHA JIM Kakasi-JI1bo
CBETMMOCTb C JMCIIepCcUeil ckopocTeil. ApxuBHbIe JaHHbIe 1151 oToKoB [CII] u
npoduneit TuHU B3ITBI ¢ http://cassis.sirtf.com/herschel/. Tlpodwm muHMi
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KJacCU(ULIMPOBAaHbI KaK rayCCOBCKUE, HO YIUIOIIEHHbIE U acuMMeTpuuHble. H
BEJIMUMHBI B34Thl 13 KaTajoroB 2MASS, a 22 MKM ITOTOKM B3STBI M3 KaTajiora
WISE. D11 cBeTuMocTy cpaBHeHbI ¢ noayiupuHoi auHuu [CII]. AcumMMmeTpuyHbIe
npounu He sBisiioTcss AAN-amu (AktuBHoe fAnpo 'anakTuku), 4YTO yKasbIBaeT
Ha TO, YTO AaCUMMETPUU B JIUHUSIX HE SBIISIIOTCS TTOCIEACTBUEM OTTOKA U3 SIACPHOI
oonactu. Mlupuna nunuit [CII] He TMoka3biBaeT 3HAYUTEILHOU KOPPEISLIMU C
KaKoOM-T1M00 MEPOM CBETUMOCTH TalakTWK. Koppensims ¢ HauMeHbIIeNH TUCHepcreit
nokasbiBaeT cBeTuMocTb B H nuamasone, m1a xotoporo L(H) ~ FWHM®”, uto
gBJIsieTCsl Topasao Gosee TIOCKoi Koppessuueit, yeM L~FWHM®, nonyyenHas
paHee IJi ONTUYECKUX JUHUI U3IydeHUS] WU AUCHEPCUI 3Be3AHBIX CKOPOCTEN.

KitoueBble cioBa: un@pakpacHwiii: 2arakmuky - eataKmuku 36e30000pa308anus:
2ANAKMUKYU - GKMUBHble: PACCMOAHUSA U KPACHble CMeujeHus
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