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Figure 6. Same as Figure 3 but for the sample of WTTSs and TW Hya. The K 1 profiles of V410 Tau and V1321 Tau are multiplied by a factor of 2, while that of

V773 Tau by a factor of 5.

Figure 10. This strongly suggests that the molecular gas and
atomic gas are not co-located. Sources with low-S/N CO
detections but strong Na1 absorption, such as VY Tau and DM
Tau, further strengthen this statement (see Figure 6) and
suggest that the atomic gas is more extended than the
molecular gas. We also note that the FWHMs of the '*CO
lines are much narrower than those of the Na1 lines and would
all appear unresolved at the resolution of our optical spectra.
However, this difference in FWHMs may be due to a
combination of saturation of the Nar lines and the presence
of other atomic clouds along the line of sight; hence, it does not
further constrain the spatial location of the molecular and
atomic gas.

To summarize, we find that (i) Na1 and K1 absorption lines
trace the same atomic gas, but Na1 profiles are often spectrally
resolved while K1 lines are not; (ii) there is a modest
correlation between the EW of these absorption features and
Avy; and (iii) although there is no statistical difference between
the stellar RV distribution and either the Na1 or CO RVs, the
RVs of the atomic gas and molecular gas are unlikely to be
drawn from the same parent population.
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4. ORIGIN OF THE NARROW ABSORPTION
IN THE NA1 AND K1 PROFILES

Previous studies of Na absorption lines could not distinguish
between a disk and an interstellar/cloud origin because they
investigated fewer stars, mostly CTTSs with Class II SEDs, at a
lower spectral resolution than achieved here. By extending our
sample to include WTTSs and Class III SEDs and with a
precision in RV of ~1kms™', we can exclude that the sharp
and narrow Na1 and K1 absorption lines trace circumstellar
disk gas. There are three main observables pointing against a
disk origin. First, strong absorption features are also detected
toward objects that are not surrounded by disks (e.g., Anon 1)
or have only tenuous dust disks more akin to debris disks (e.g.,
V1321 Tau). Second, if the absorbing material were disk gas,
there should be only one narrow absorption feature toward
single stars, and its velocity should be coincident with the
stellar RV. As discussed in the previous subsection, this is not
the case for several systems. Third, as will be shown later in
this section, there is a spatial gradient in the RV of the Na1
lines indicating a location in the distributed gas rather than the
immediate circumstellar environment.
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Figure 7. Same as Figure 3 but for sources that have multiple observations. The K 1 profiles of CoKu Tau4 are multiplied by a factor of 2. The sharp absorptions in the
Na1and K 1 are not time variable. Note that the IP Tau 2006 Na 1 and the Li heliocentric velocities are both ~1.8 km s~' smaller than in the 2012 spectra, while the
difference between the Na1 and Li lines remains the same in the two epochs. This shows that the absolute wavelength calibration can be off by up to ~2km s,
perhaps depending on the source centering, as found in the comparison between our and literature RVs (Section 3).

Redfield & Linsky (2008) constructed an empirical dynamical
model of the local ISM (inside the Local Bubble, i.e., within
about 100 pc) using UV Hubble Space Telescope spectroscopy
toward 157 sight lines. While their model relies on the more
numerous Ca 11 absorption lines, they find that all Na1 absorption
components have companion Can absorption at the same
velocity. This indicates that the gas detected by the Can
absorption is physically associated with that detected with the
Na1 line. Nine of their stars are in the direction of the Auriga
cloud. We use the cloud heliocentric velocity vectors they derive
(their Table 16) to compute the RV of the Local Bubble gas at
the location of each of our targets. With a mean predicted RV of
20kms ™! and minimum and maximum of 19 and 23 km sfl,
respectively, the gas in the Local Bubble cannot be responsible
for the average Na1 RV of 17.6kms ™" and the larger range of
velocities (from ~13 to 23km s~ ") we find in our sample. Only
13 out of 38 unique Keck targets have RVs consistent with those
predicted by the Local Bubble model of Redfield & Linsky
(2008), and the K-S test gives a probability of only 3 x 10~ that
the two velocity distributions are drawn from the same parent
population. In addition, of the nine stars in the direction of the
Auriga cloud, only one of them has a detected Na1 absorption
component with an EW of only ~3 mA (Farhang et al. 2015),
much smaller than the absorption we measure toward our TTSs.
We conclude that the Na1 and K1 absorption features we detect
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are not associated with Local Bubble gas. This conclusion is also
consistent with the lack of absorption in the Na1 and K1 profiles
of TW Hya, which is at only ~50 pc from the Sun (Mamajek
2005), albeit in a different direction from Taurus.

The distribution of interstellar gas and its kinematic beyond the
Local Bubble is less well established. Welty & Hobbs (2001)
obtained high-resolution (FWHM ~ 0.4-1.8kms ') spectra of
K1 absorption toward 54 Galactic OBA stars. One of them, HD
27778 (62 Tau), is in the direction of the Taurus star-forming
region at a projected separation of ~1°5 from DF Tau and ~1°9
from DG Tau and FZ Tau. At a distance of 225 pc, as measured
by Hipparcos (ESA 1997), HD 27778 is not a Taurus member but
likely belongs to the older Cas-Tau OB association located behind
the Taurus molecular cloud (e.g., Mooley et al. 2013). The K1
profile obtained by Welty & Hobbs (2001) shows two deep and
spectrally resolved absorptions at ~14.8 kms™' (consistent with
the DFTau and DGTau Nar and K1 velocities) and
~18.5kms ! (slightly lower than the FZTau velocities). The
Na1 absorption profile along the same line of sight is highly
saturated (see their Figure 2), because sodium is ~15 times more
abundant than potassium. This means that the identification of
individual clouds is more challenging using Na1 lines even at high
spectral resolution. Saturation and blending of clouds at similar
velocities might explain why many Na1 absorption lines toward
the Taurus TTSs are resolved at our spectral resolution, ~4 times
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Figure 8. Comparison of Na1 (black) and K 1 (red) residual profiles for the five TTSs showing one additional narrow absorption feature in their spectra. As in previous
figures, the K 1 profiles are multiplied by a factor of 5 for DO Tau, a factor of 2 for CI Tau, and a factor of 1.5 for the other three sources. The location of the additional
narrow component is indicated with a dotted line. We do not include these additional narrow components in any of our analyses.

lower than that of Welty & Hobbs (2001), while most K1 lines
remain unresolved. As pointed out in Section 3.2, this is clearly
the case for HQ Tau and CI Tau, where two cloud components are
detected in the K1 but remain blended in the Na1 profiles. Welty
& Hobbs (2001) model the K 1 profile observed toward HD 27778
with six atomic clouds in the foregrounds; four of them have RVs
within 2kms™~" of the median stellar RVs of Taurus members.
For these clouds they estimate K1 column densities between
1.4 x 10" and 1.9 x 10"" cm ™2, which correspond to an average
~6 x 10% cm ™ hydrogen column given their empirical relation
between K and H column densities. As a comparison, McJunkin
et al. (2014) find H column densities of ~(2.5-10) x 10*° cm™>
toward 12 TTSs in Taurus from neutral hydrogen absorption
against broad Ly emission profiles. These column densities are
consistent with each other, about two orders of magnitude larger
than the H column densities measured inside the Local Bubble
(Redfield & Linsky 2008), but rather typical to ISM clouds (Welty
& Hobbs 2001).

Do the Na1 and K1 narrow absorption features trace atomic
gas associated with the Taurus molecular cloud or rather ISM
gas beyond the Local Bubble? To answer this question, we plot
the location of our TTSs on the sky and color-code the RV of the
absorbing material toward them (see Figure 11)."* The figure

13 We use the RV of the Na 1 lines because we have more detections in this line
than in the K1 line and have already demonstrated that when both lines are
detected there is a good coincidence between their RVs.
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reveals that nearby sources have similar velocities and a clear
spatial gradient in RVs with lower RVs NW and higher RVs SE.
Several authors have argued that linear velocity gradients in
giant molecular clouds are the result of large-scale cloud rotation
(e.g., Blitz 1993, p. 125). Following common practice and
assuming solid-body rotation (e.g., Goodman et al. 1993), we fit
a plane to identify the best-fit linear velocity gradient and
measure its magnitude (£2) and direction (0), i.e., the direction of
increasing velocity measured east of north. The rotation axis of
the cloud is then 6 + 90°. With this approach we find that 6 ~
125° (P.A. of the rotation axis 215°),14 which is the same as
Galactic rotation,  ~ 0.11 kms™! pcfl, and the mean LSR
cloud velocity is 7.2kms™'. To demonstrate that a plane is a
good fit to the velocity map, we show in Figure 12 a position—
velocity diagram passing through the center of the CO map,
where the position is the offset of each star along the direction
perpendicular to the rotation axis. As expected for gas rotating as
a solid body, we see a linear trend in the velocity as a function of
offset from the rotation axis. Thus, it appears that the atomic gas
associated with the Taurus molecular cloud rotates in the same
direction of Galactic rotation (Kleiner & Dickman 1985).
Evidence for global rotation of the Taurus complex has been
recently reported by Rivera et al. (2015) from the RVs and

14 These values are obtained including V1348 Tau. If we exclude this source,
we find P.A. = 214° and Q = 0.11 km s~ ' pc™!, basically the same as those
reported in the text.
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Figure 9. Upper panels: comparison of Na1and K 1 peak centroids (left) and EWs (right). We only plot sources where both narrow absorption lines are detected. Both
quantities are positively correlated. In both panels a dashed line shows the best linear fit. Lower panels: source extinction Ay as a function of EW (left) and line-to-
continuum ratio (right). Detected Na 1 absorptions are shown with stars, while K 1 absorptions with crosses. The EWs of Na 1 lines are about 2 times larger than those

of K1 lines.
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Figure 10. Distribution of heliocentric RVs (upper panel) and velocity
differences (lower panel). For the molecular gas we only include sources for
which the S/N of the 12CO spectra is larger than 5 (see last column of Tables 5
and 6).

proper-motion measurements for seven well-known Taurus
members. These authors find velocity gradients of
~0.1kms ™' pc™! and positive direction of rotation with respect
to Galactic rotation, as we find from the study of the Na1 lines.

Velocity gradients in Taurus have also been measured using
other tracers, and it has long been known that the Taurus
velocity field is rather complex even on large ~10 pc scales
(e.g., Shuter et al. 1987). Here we are particularly interested in
comparing the atomic and the molecular components. Figure 13
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Figure 11. Distribution of our TTSs (stars) in relative equatorial coordinates.
The center of the plot is the center of the CO map (Narayanan et al. 2008); its
extent is shown by the dashed rectangle. TTSs are color-coded based on their
Na 1 heliocentric RVs: each color bin covers 2 km s’l, and the mean RV for
each color bin is listed next to the color bar. We also plot the location of the
background B3 star HD 27778 studied by Welty & Hobbs (2001) and of the
Herschel /HIFI pointings by Orr et al. (2014). The S/N of the '*CO CfA
spectra toward circled stars is less than 5. As mentioned in the text and
Figure 6, the detection of Na 1 absorption toward V1348 Tau is not secure. Note
that the Na 1 RVs increase going from NW to SE.

shows the Na1 velocities (as stars) superimposed on the higher
spatial resolution '*CO FCRAO map.”” The '"“CO gas
shows an SE-NW gradient with a rotation axis of 25°,  ~
0.25kms ' pc', and a systemic LSR velocity of 6.4 kms ™'

! We use the FCRAO map because it has higher spatial resolution and only
four sources are detected beyond this map in the coarser CfA survey.
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Figure 12. Perpendicular offset of each TTS from the Na cloud rotation axis
(P.A. = 210°) as a function of the Na 1 LSR velocity. The linear trend between
the two quantities shows that a plane is a good fit to the velocities.

(Shuter et al. 1987). The *CO rotation is almost antiparallel to
that of the Na1 gas and retrograde with respect to differential
galactic rotation. Interestingly, Ballesteros-Paredes et al. (1999)
find that the H 1 21 cm emission has also a velocity offsets of a
few kilometers persecond and a larger velocity dispersion
(~5-10kms~ ' LSR) than the molecular CO gas, resembling
the one we see in the Na1 and K1 absorption lines. Position—
velocity diagrams along some directions show a different axis
of rotation from the CO gas (e.g., Figure 3(a) of Ballesteros-
Paredes et al. 1999), but the magnitude and direction of rotation
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of the H 1 emitting gas have not been quantified. As a note, the
magnetic field in Taurus has a mean P.A. of 25° (=205°), the
same as the CO and Na1 rotation axes. This is consistent with
the classic theory of isolated low-mass star formation, whereby
cores contract more along magnetic fields, resulting in a
rotating flattened morphology perpendicular to the field axis
(e.g., Shu et al. 1987). What is surprising is that the atomic gas
and molecular gas rotate in almost opposite directions. What is
the relation between the atomic and molecular gas?

The larger velocity dispersion in the Na1 and K1 absorptions
and in the H12l cm emission compared to the CO peak
velocities suggests that the atomic gas is more widely
distributed. Indeed, these atomic tracers are detected even at
locations where molecular CO gas is not detected. Thus, they
appear to trace the atomic gas that is the leftover of star
formation. In addition, the mere detection of alkali metals in the
gas phase implies that there are regions warmer than those
traced by CO, regions that are not shielded from the ambient
FUV radiation, or else Na and K would be depleted onto the
surface of dust grains (e.g., Barlow 1978). We can further place
an upper limit on the gas temperature that would result in
thermal broadening (for the moment we neglect turbulence) by
assuming that each atomic cloud is spectrally unresolved at our
6.6kms ! resolution (such as, for instance, toward BP Tau or
V819 Tau). Sodium gives a more stringent constraint than
potassium, given its lower atomic mass, but not a tight one: the
gas temperature should be <2000K for sodium lines to be
unresolved at our spectral resolution. A much tighter constraint
comes from the higher-resolution spectra of Welty & Hobbs
(2001). These authors measure K1 line width parameters (b ~
1.667 FWHM) for over 100 ISM clouds, including those in

A o [degree]

Figure 13. Color-coded image of the '*CO integrated intensity in three LSR velocity intervals: 3—5 km s~ is coded blue, 5-7 km s~ ' green, and 7-9 km s~ ! red; see
also Goldsmith et al. (2008). Our TTSs are shown with stars, the color-coding representing their Na1 RV also in LSR. We included one additional velocity bin
(9-11 km s~ ' LSR, orange) to cover the larger velocity range seen in the Na 1 and K 1 absorption lines. White arrows show the position angles of '*CO and the Na 1
rotation axis; velocity gradients are perpendicular to each axis. Note that the '>*CO and the Na 1 axes are almost antiparallel. The magnetic field direction is at a P.A.
of 25° (205°), very similar to the rotation axis of the molecular gas and the Na1 gas.
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Figure 14. Sources with broad Na1 absorptions. A black solid line shows the residual Na1 25890, profile while a red dashed line shows the K1 X\7699 line.
Normalized residual profiles for the Ha (green dot-dashed line) and the [O 1] X6300 (blue dotted line) lines are also superimposed. The velocity scale is larger than in
previous figures to show both the broad blue- and redshifted absorptions. All velocities are in the stellocentric reference frame.

the direction of HD 27778, and find a distribution peaking
at ~0.7kms '. Assuming an isotropic turbulence of
~0.5 km sfl, which seems to be common to many lines of
sight, implies an atomic gas temperature of ~100 K. Gas as
cold as CO (~15 K) would result in b-values much smaller than
typically observed. These results suggest that the gas associated
with the alkali metals is much warmer than the molecular gas.
In models of photodissociation regions, temperatures of several
hundred kelvin also trace the transition zone where ionized
carbon is converted into atomic carbon. This zone is well
outside the cold and FUV-shielded core where most of the
hydrogen is in H, and most of the carbon in CO (e.g., Roellig
et al. 2007). Recently, Herschel/HIFI observations demon-
strated that a significant fraction, between 20% and 75%, of the
ISM gas that is undetected in H 1 and CO is bright in the [C ]
FIR line at 158 ym (Langer et al. 2014). Orr et al. (2014)
compared [C1], [Cu], and CO emission lines toward a linear
edge region in the Taurus molecular cloud. While the strength
of the [C1] lines is well correlated with that of CO lines (and its
3CO isotoplogue), the [C 1] lines are only detected (at a low
S/N) in two locations outside of the region where most of the
molecular emission occurs (see their Figure 1). A comparison
of [C 1] peak centroids and Na1 and K1 absorption toward the
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same line of sight would be very valuable to test if these
transitions probe similar or larger regions.

To summarize, the available data suggest that the Na1 and
K1 absorption lines trace the warm (~100 K) atomic envelope
of the cold molecular CO gas in Taurus. Its extent may be
comparable to that of the H 121 cm and/or the [Cn] FIR
emission. The finding that the rotation axes of the atomic and
molecular gas are not aligned is not unique to the Taurus
region. Imara & Blitz (2011) compared the velocity gradient P.
A. of the molecular (CO) and atomic (H 121 cm emission) gas
of five giant molecular clouds in the Milky Way. Except for
Orion A, they find that the positional angles of the molecular
and atomic morphological axes are widely separated, by as
much as 130° in the case of the Rosetta molecular cloud, and
there is no correlation between the atomic and molecular gas
rotation axes. Their results demonstrate that giant molecular
clouds do not simply inherit their present velocity field from the
atomic gas from which they formed and suggest that a
disordered or turbulent component may play an important role
in setting the rotation axes. Our analysis of Taurus extends this
finding to a smaller molecular cloud and shows that Nar1 and
K1 resonance absorption lines can also be used to trace the
structure of the atomic gas associated with molecular clouds.
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5. CONCLUSIONS AND PERSPECTIVES

Narrow Na1 absorption resonance lines have long been
known to be common in the optical spectra of TTSs. However,
their origin remained elusive. Here we have presented a
detailed analysis of the Na1 and K1 resonance lines toward
nearly 40 TTSs in Taurus spanning a range of evolutionary
stages. Our main findings can be summarized as follows.

1. The peak centroids of the Nart at 5889.95 A and K1 at
7698.96 A are identical within our velocity uncertainty,
and their EWs are positively correlated. This demon-
strates that the two transitions trace the same atomic gas.

2. Several of the Nar1 and K1 absorption lines have RVs
substantially different from the stellar RV and are
detected even toward stars with no circumstellar disks.
This demonstrates that Nai1 and K1 do not trace
circumstellar disk gas; hence, these features cannot be
used to investigate the Na/K ratio in disks, which is
relevant for giant exoplanet atmospheres.

3. The Na1 and K1 RVs have a large spread (~10kms ")
that cannot be accounted for by gas in the Local Bubble.

4. The distribution of Na1 RVs in equatorial coordinates
shows a clear gradient, suggesting that the absorption is
associated with the Taurus molecular cloud. Assuming
that the gradient is due to cloud rotation, the atomic gas
rotates along an axis parallel to the magnetic field lines
and prograde with respect to differential galactic rotation.
This is different from the molecular gas, which is known
to have a retrograde motion.

5. The atomic gas traced by Na1 and K1 absorption lines is
more extended and warmer than the molecular gas traced
by low-J CO rotational lines.

The almost antiparallel rotation axis between the atomic and
molecular gas cannot be explained by simple top-down
formation scenarios according to which molecular clouds
inherit the velocity field and angular momentum from the
rotating galactic disk within which they form. A similar result
is found by Imara & Blitz (2011) when analyzing the rotational
axes of the atomic and molecular gas from five giant molecular
clouds in the Milky Way. In their study, they used the
H 121 cm emission as a tracer of the atomic envelope of
molecular clouds. Our results suggest that Nar and K1
absorption lines can also be used to trace that atomic gas. A
direct comparison of these two different tracers would be
extremely valuable. With the Gaia-ESO survey acquiring high-
resolution UVES spectra of ~5000 stars in the Milky Way
(Smiljanic et al. 2014), Na1 and K1 absorption lines may be
used to trace the kinematic of the atomic gas associated with
the molecular gas of several other nearby star-forming regions.

The authors thank D. E. Welty for providing the high-
resolution optical spectra toward HD 27778 and J. L. Pineda
for sharing the Herschel spectra. I.P. would like to thank T.
Koskinen and P. Lavvas for stimulating discussions on giant
exoplanet atmospheres and L. Hartmann and T. Megeath for
helpful discussions on star formation processes. This work was
partially supported by an NSF Astronomy & Astrophysics
Research Grant (ID: 1312962).
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APPENDIX
BROAD Nar1 AND K1 ABSORPTION FEATURES

The five objects with broad Na1 absorptions are among the
highest accretors in our sample (M > 1078 M, yr!; e.g.,
Gullbring et al. 1998 Hartmann et al. 1998; White & Ghez
2001). As shown in Figure 14, broad absorptions are both on
the blue and on the red side of the Na emission. A red
absorption at several hundred kilometers persecond is a
signature of mass infall (e.g., Edwards et al. 1994). Conversely,
the broad absorptions located between —150 and —50 km s~
are most likely associated with material ejected from the star.
Blueshifted absorptions are also present in the K1 profiles of
DG Tau and DO Tau, but they are much weaker than those in
the Na1 line. The inference of mass ejection is confirmed by the
velocity coincidence of these absorption features with absorp-
tions in the Ha line and emission in the [O1] X\6300 line, a
known tracer of jets/outflows (e.g., HEG95). We note that in
the case of DR Tau the absorption in the Ha line is very
shallow and difficult to see with the scaling used in Figure 14,
while the [O 1] jet emission is more pronounced in the older and
lower-resolution spectra by HEG95 (their Figure 5). A notable
difference between the blue absorption in the Na1 and Ha lines
is that the latter are broader, suggesting that Na traces only
specific regions along the jet. In addition, the fact that these
velocities are smaller than the peak velocities of the forbidden
oxygen emission lines indicates that Hoa and Na1 absorptions
mostly trace ambient material shocked to lower speeds.
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