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ABSTRACT

Observations of molecular outflow associated with protoplanetary disks reveal details about the com-

position, history, and dynamics of pre-main sequence stellar objects. We present molecular absorption

line data for several regions of the Herbig Ae/Be protostellar source LkHα 225S. Spectra for 12CO,
13CO and H2O were taken using the NIRSPEC infrared spectrograph on the Keck II telescope in the

M band and the L band. We detect absorption from 12CO, 13CO, and H2O. The 12CO lines have

a blueshift of 83.36 km/s, while the 13CO lines have a blueshift of 39.87 km/s. Absorption lines in

H2O show a blueshift of approximately 31 km/s, implying that the three molecules are found in dif-

ferent regions of the LkHα 225S system. Identification of specific properties of the protostellar object

is significantly complicated by the large distance to the regions, as well as several clouds along the

line of sight to the region, making the molecular-derived properties of the outflow that much more

significant.

1. INTRODUCTION

Bipolar outflow is an integral part of star formation,

allowing the protostellar accretion disk to shed angular

momentum and finish its collapse (Bally et al. 1996).

The consequences of these outflows have been observ-

able for more than half a century as Herbig-Haro ob-

jects: bow shocks with characteristic emission spectra.

As outflows appear to be present in all types of proto-

stars, from brown dwarfs to O-type stars, emission and

absorption from these regions are important in detecting

embedded star-forming regions, as well as understanding

the evolution of the protoplanetary disk.

In the current favored model, the inner regions of these

outflows experience a significant radiative acceleration

along the column of the outflow region (Kurosawa et al.

2005). In addition to the linear accelaration along the

outflow, these regions also exhibit a spiraling motion,

from the conservation of angular momentum originating

in the rotation of the disk. The underlying physics of

these regions, however, are not well understood. While

there are several models for bipolar outflow from a pro-

toplanetary disk, the physical process driving these out-

flows is not known, and the precise physical processes

occuring in these regions is often obscure.

In this paper, we consider the molecular outflow

from the Herbig Ae/Be (HAeBe) source, LkHα 225S

(also known as V1318 Cyg). Herbig Ae/Be stars are

intermediate-mass pre-main sequence stars with 1.5 ≤

M/M� ≤ 10 (Herbig 1960; Herbst & Shevchenko 1999),

and signs of infrared excess indicating the presence of

dust in a protoplanetary disk. We present observations

of 12CO and 13CO in the 4.94 to 5.1 µm range, as well

as H2O observations in the 2.85 to 3.65 µm range. Our

observations reveal several regions, and interesting prop-

erties of the bipolar outflow assiciated with LkHα 225S.

Our observations and data reduction techniques are de-

scribed in Section 2. Analysis of our data and proce-

dures are found in Section 3. Discussion about this re-

gion, and recommended future work can be found in

Section 4. Further discussion and conclusions are found

in Section 5.

2. OBSERVATIONS AND DATA REDUCTION

Our data were obtained using the NIRSPEC infrared

echelle spectrograph on the Keck II telescope. Data were

taken for CO in December of 2006 and July of 2009. The

December observations had a total integration time of

30 seconds in 1 setting, while the July observations had

a total of 4 minutes of integration time in each of 2 set-

tings. Observations of H2O were taken in July 2009.

These observations had a total exposure time of 12 min-

utes in each of two settings (Salyk et al. 2008).

The telescope was directed toward LkHα 225S at

αJ2000 = 20h20m30.46s, δJ2000 = +41◦21′26.8◦. Data

were obtained for the wavelength range of 2.85 to 3.65
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Figure 1. The obtained 12CO spectrum for LkHα 225S, with the theoretical absorption locations overlaid. The portion of the
spectrum between 4.78 and 4.95 µm was rejected as having poor atmospheric transparency. Despite significant noise in the
spectrum, absorption lines up until the relatively high-energy P38 transition are clearly visible, as well as clearly significantly
blue-shifted.

Figure 2. The same obtained spectrum for LkHα 225S, overlaid with 13CO line positions in red. To prevent ambiguity as
to which features are referenced, this spectrum has been slightly shifted to correct for an outflow speed of ≈ −40 km/s. The
uncorrected overlay can be found as Figure 12.

Figure 3. TOP: Overlaid 2.9 µm spectra showing H2O features for AS 205A and LkHα 225S. In this image, the AS 205A
spectrum has been inverted and shifted to align with the LkHα 225S spectrum. The necessary shift was ≈ −3 × 10−4 µm.
BOTTOM: The same overlay, before applying the inversion and shift to the AS 205A spectrum in order to provide direct
comparison with LkHα 225S.
These plots have been corrected for the source velocities of both LkHα 225S and AS 205A.
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µm, and at the wavelength range of 4.64 to 5.1 µm, both

with a resolution R = 25000 (12.5 km/s). Portions of

the spectrum affected by poor atmospheric transmission

were removed from the reduced data. Data were given

in terms of flux density, in units of Janskys (Jy) at each

wavelength bin, resulting in a high resolution spectrum

for a wide wavelength range.
12CO transitions were observed in the 4.64 to 5.1 µm

wavelength range for several P-branch (∆J = −1) rovi-

brational transitions, and one R-branch (∆J = +1)

transition. A second R-branch transition is visible in

the spectrum, as seen in Figure 1, but is incomplete. In

order to provided detailed analysis of the region, both

the lower energy (4.65 ≤ λ ≤ 4.78) and higher energy

(4.96 ≤ λ . 5.06) transitions were studied.

3. ANALYSIS

Analysis of the absorption features was performed us-

ing a least-squares fitting of a Gaussian curve of the

form:

f(x) = Ae−
(x−b)2

2σ2 + C (1)

where A is the depth (amplitude) of the well, b is the cen-

ter of the well, σ is the standard deviation of the function

(controlling the width), and C is the level of the contin-

uum. This process was repeated with 13CO. There were

significantly fewer absorption lines available for fitting
13CO due to a lower abundance, as well as interference

from the more prominant 12CO features. Figure 2 shows

the same spectrum overlaid with the theoretical 13CO

feature locations.

Ultimately, we were able to successfully fit nineteen

absorption lines in 12CO, and eight absorption lines in
13CO. A sample fit for 12CO can be seen in Figure 4,

and stacked interpolated absorptions features for 12CO

and 13CO can be seen in Figures 5 and 6, respectively.

All fits were performed after having corrected for a LSR

source velocity of −9.465 km/s (Matthews et al. 2007)

Figure 4. A sample fitting of the P(2) 12CO absorption fea-
ture. Note the significant blueshifting. Visible to the right
of the main feature is a small 13CO absorption feature, seen
here as a small dip in the continuum level. Velocities given
here have been corrected for the source velocity.

Interpolation was performed in Python. The interpo-

lated lines were then summed together to provide the

lineshapes seen in Figures 5 and 6.

Having obtained a set of fit parameters for all 12CO

and 13CO lines available to use, we first converted stan-

dard deviation to a more usable full-width at half max-

imum, using the formula:

FWHM = 2σ
√

2 ln(2) (2)

From here, we can calculate the error in each FWHM

using the formulae derived by Lenz and Ayres (Lenz

& Ayres 1992). The formula for calculating error in a

Gaussian FWHM is as follows:

FWHM

σFWHM
= CFWHM

(
FWHM

∆λ

)1/2
f0

σ0
(3)

Here, the parameter CFWHM is given by Lenz and Ayres

as ≈ 0.70 (Lenz & Ayres 1992). The quantity f0 is the

continuum level, and σ0 is the standard deviation of

the continuum level. We calculated σ0 for each fitted

absorption feature using an ≈ 75 km/s range of the con-

tinuum unperturbed by any absorption features. The

quantity ∆λ follows from the given resolution of the

NIRSPEC spectrograph (R = 25000 = λ
∆λ ). Having

obtained these quantites, we were able to determine the

error for each FWHM for both 12CO and 13CO.

Figure 5.
TOP: Interpolated lower energy 12CO lines (λ < 4.78 µm).
BOTTOM: Interpolated higher energy 12CO lines (λ > 4.95
µm).
Note that both sets of stacked lines have the same double
peak evident at the minima of the absorption features that
persists even through interpolation.

Having determined the standard deviation of the func-

tion and the FWHM, we endeavored to also compute the

equivalent width of the spectral line. For an absorption

line, the width of the line is given by the rectangle with

a height equal to that of the continuum level, with an

area equal to the area of the Gaussian fit. Practically,

the equivalent width is given by

Wλ =

∫ (
1− Fλ

F0

)
dλ (4)

Wλ =
1

F0

∫ (
F0 − Fλ

)
dλ (5)
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Figure 6. Interpolated 13CO lines. Note that these lines do
not have the double peak evident in all the observed 12CO
lines.

Figure 7. A plot of equivalent width against lower level en-
ergy. 13CO is shown in green, while 12CO is shown in blue.
Note that the 12CO lines are much wider than 13CO at all
energies.

Wλ =
1

F0
Aσ
√

2π (6)

Here, F0 is the continuum flux, A is the amplitude

of the Gaussian, and σ is the standard deviation of the

function. Error was propagated through these calcula-

tions to find the error in standard deviation, FWHM,

and equivalent width. Figure 7 shows a plot of equiva-

lent width against lower level energy in both 12CO and
13CO.

To determine temperature and column density of the

absorbing 12CO and 13CO regions, we then used our

data to create a rotation diagram for both isotopes of

CO. Figures 8 and 9, respectively, show the rotation

diagrams for 12 and 13CO. The rotation diagrams were

created using formulae found in Mundy (Mundy 1999).

The rotation diagram plots ln(Nlgl ) against the energy of

the lower level, where gl is the lower state degeneracy,

and Nl can be derived from the relationship between

τ , optical depth, and the equivalent width of the well,

yielding the quantity,

Nl = EW
gl
gu

8πν4
o

c3
1

Au→l
(7)

Here, EW is the equivalent width, calculated in Eq. 6.,

gu and gl are the upper and lower state degeneracies,

respectively. The frequencies (ν0) are used here, instead

of wavelength, and Au→l is the Einstein-A coefficient.

We can find the column density from Nl as well, using

the identity,

Nl = N
gl

Q(T )
e
− El
kBT (8)

Here, Q(T ) is the partition function. For 12CO, the

partition function is Q(T )12 = 0.36288T
(

1 + e−
3083.7
T

)
.

For 13CO, the partition function is Q(T )13 = 0.6212 +

0.75758T − 5.9194 × 10−6T 2 + 1.5232 × 10−8T 3. The

degeneracy of the lower state, gl appears in this equa-

tion again, as does the lower state energy, El. T is the

temperature, kB is the Boltzmann constant, and N is

the column density.

Rearranging Equation 8 allows us to derive a relation-

ship that can be plotted in terms of known quantities,

which can then be used to derive further properties of

the region:

ln
(Nl
gl

)
= ln

( N

Q(T )

)
− El
kBT

(9)

Which is in the form y = B + mx, a line, where Nl is

calculated from our Gaussian fits, gl is a known quan-

tity for the observed transitions, as is El
kB

. We can plot

ln
(
Nl
gl

)
against El

kB
. The plots created for 12CO can be

seen in Figure 8, and 13CO can be found in Figure 9.

Performing a least squares fit on the linear portions of

these plots allows us to calculate the rotational temper-

ature, Trot of the region from the slope of the line, and

column density, N from the intercept. It is important

to note that Trot is not necessarily the temperature of

the region, but simply the theoretical rotational temper-

ature of the absorbing CO gas.

The final analysis performed for the CO features was

an attempt to determine the source of the continuum,

i.e., if the continuum was consistent with emission from

the protostellar object. We used data from several

sources (Hillenbrand et al. 1995; Aspin et al. 1994;

Matthews et al. 2007; Palla et al. 1995) to estimate

stellar parameters, in order to determine the blackbody

continuum at the portion of the spectrum observed. Un-

fortunately, information about this object is extremely

limited. Hillenbrand gives a mass of & 1M�, while other

sources give a mass range anywhere from & 2M� to
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Figure 8. TOP: The full rotation diagram for 12CO.
BOTTOM: The apparently linear portion of the rotation di-
agram for 12CO with linear fit and derived quantites.

. 10M�. No reliable information exists concerning the

radius or the temperature of the protostellar object. In-

stead, we assumed that LkHα 225S is a pre-main se-

quence star of with a stellar type somewhere between

A5 and F5 (Mora et al. 2001; Herbig 1960). Given this

range, we were able to find temperatures corresponding

to these stellar types (Kenyon & Hartmann 1995). From

the temperatures, we were able to find a representative

sample of radii (Fairlamb et al. 2015; Mora et al. 2001).

Our representative temperatures and radii are in Table

1. Having obtained a representative sample of temper-

atures, we used Planck’s Law to plot spectral radiance

as a function of temperature:

Bν(ν, T ) =
2hν3

c2
1

e
hν
kBT − 1

(10)

Figure 9. Rotation diagram for 13CO. Note that while the
rotation diagram for 12CO indicates saturation, the diagram
for 13CO shows no saturation. Fit parameters and derived
quantities are displayed on the plot.

Table 1. Theoretical Spectral Types, Temperatures, Radii

Spectral Type Temperature (K) Radius (R�)

A5 V 8200 1.7

A6 V 8350 2.0

A7 V 7850 1.4

A8 V 7580 2.2

A9 V 7390 1.8

F0 V 7200 2.6

F1 V 7050 1.6

F2 V 6890 1.9

F3 V 6740

F4 V 6590

F5 V 6440

Which, given a frequency, gives us a measure of spec-

tral radiance in W sr−1m−2Hz−1. To convert to Jy, we

applied a conversion factor to this curve of

1

10−26

πR2

r2
(11)

Where R is the radius of the object, and r is the dis-

tance to the object. This conversion factor folds in the

distance scale factor and the conversion from spectral

flux density in W sr−1 m−2Hz−1 to Jy. We used a

value of 980 pc for distance, as this is the given distance

to the nearby BD +40◦ 4124 (Hillenbrand et al. 1995;

Shevchenko et al. 1991). Extreme absorption (Av > 8)

along the line of sight to LkHα 225S makes direct dis-
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tance measurement difficult. We applied this conversion

factor to our obtained theoretical blackbody curve for

the average radius, as well as the minimum and max-

imum radius in our spread. Ultimately, however, the

given values made little difference in the final result.

The distance-scaled blackbody curve for the maximum

radius can be seen in Figure 10, as can the region of the

curve corresponding to the measured wavelengths.

Figure 10. TOP: Theoretical blackbody curve for a temper-
ature range of 6440K to 8200K, scaled for distance.
BOTTOM: Theoretical blackbody curve on the wavelength
range for which we have CO data. All calculated curves
shown use a radius of 2.6R�, an upper limit to theoretical
radius.

Analysis performed on the region of the the spectrum

showing evidence of H2O absorption was more qualita-

tive, and aimed to determine whether the H2O absorp-

tion lines were shifted as severely as the CO features; i.e.,

whether the H2O features were from absorption along

the outflow, or arose from the circumstellar disk.

Analysis was primarily performed by comparison

between data from LkHα 225S and AS 205A, which is

known to have H2O features in the same wavelength

range (for detailed discussion, see Salyk et. al., 2008).

Inverting the AS 205A emission spectrum, and correct-

ing for source velocity (vlsr = 4.4 km/s vhelio = 7.7

km/s) allows us to form a rough comparison between

these data and the source-velocity corrected data for

LkHα 225S. We focused primarily on the region of

the spectrum from 2.875 µm to 2.945 µm, as it was

the most well-studied. Due to the complexity of the

spectrum, the previous method of using a Gaussian

function to perform a least-squares fit to the observed

absorption features fails when applied to these data.

Direct empirical comparison between the known AS

205A spectrum and the LkHα 225S spectrum provides

a rough first estimate of relative Doppler shifting,

suitable for a first approximation of the dynamics of

the system. Figure 3 shows the overlay of the AS 205A

spectrum (inverted and un-inverted) and the LkHα

225S spectrum.

4. RESULTS AND DISCUSSION

4.1. 12CO Results

Analysis of the linecenters for 12CO relative to their

theoretical position yields an average blueshift corre-

sponding to −83± 8.3 km/s, with a maximum of −70.3

km/s and a minimum of −97.9 km/s. Table 2 shows the

name, theoretical center, and calculated velocity of each

plotted line.

It is immediately evident that the blueshifting is sig-

nificant, as can be seen in Figures 1, 4, and 5. Coupled

with the data from Matthews (Matthews et al. 2007),

which includes a position-velocity diagram indicating

no change in velocity with position, we conclude that

the region responsible for the 12CO absorption is not a

part of the circumstellar disk. Rather, given the veloc-

ities and strong absorption features, we conclude that

the observed region is seen primarily at this wavelegnth

as a molecular outflow from the protoplanetary disk.

Coupled with the position-velocity diagram found in

(Matthews et al. 2007), we can further conclude that

this particular outflow is oriented pole-on.

Other properties of the 12CO emission are difficult to

determine using the methods outlined above. Figures

8 and 11 show our attempt at creating a rotation dia-

gram for 12CO absorption. The top plot of Figure 8 is

a classical example of a rotation diagram that would be

produced by lines with an optical depth τ > 1. Figures 4
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Table 2. 12CO Absorption Features; Names, Positions and
Velocities

Name Theoretical Center (µm) Velocity (km/s)

P(37) 5.053 -97.41

P(36) 5.040 -97.91

P(33) 5.003 -84.61

P(32) 4.991 -95.000

P(31) 4.979 -95.35

P(30) 4.967 -91.75

P(12) 4.774 -80.41

P(11) 4.764 -86.76

P(10) 4.755 -79.96

P(9) 4.745 -70.35

P(8) 4.736 -77.36

P(7) 4.727 -81.16

P(6) 4.718 -81.33

P(5) 4.709 -83.64

P(4) 4.699 -80.37

P(3) 4.691 -77.87

P(2) 4.683 -77.69

P(1) 4.674 -71.25

R(0) 4.657 -73.61

Avg. v (km/s): -83.36

σv (km/s): 8.333

and 5 show further evidence that the absorption lines are

optically thick at this wavelength range. Both figures

here show a double trough in both the individual line

and the interpolated lines (Horne & Marsh 1986). This

region of the spectrum corresponds to the data points

with higher energy in the rotation diagrams of Figure

8. As the full rotation diagram was optically thick, we
attempted a linear fit to the apparently linear portion

seen in Figure 11. This was unsuccessful, as the optically

thick portion extends through the higher energy lines as

well. We discovered this only by comparison with the
13CO rotation diagram, which was linear. 13CO showed

a column density an order of magnitude greater than

the one found by 12CO. This is likely untrue, as rela-

tive abundances are such that the optically thick 12CO

should have a significantly higher column density. The

temperature, likewise, seems to be unreliable. A bet-

ter model for 12CO is needed, and will be the subject

of future work on this region. For reference, Table 3

shows absorption feature names, equivalent widths, and

FWHMs.

4.2. 13CO Results

Analysis of the linecenters for 13CO was complicated

by noise in the spectrum, as well as the close proximity

Figure 11. The apparently linear portion of the rotation
diagram for 12CO.

Table 3. 12CO Absorption Features; Equivalent Widths,
FWHMs, and Associated Errors

Name Eq. Width (km/s) σEq.Wid. FWHM (km/s) σFWHM

P(37) 21.37 1.209 105.3 4.047

P(36) 17.44 1.415 61.85 3.188

P(33) 35.11 1.288 112.1 5.646

P(32) 32.71 1.268 105.0 5.274

P(31) 32.44 1.331 100.4 5.531

P(30) 35.49 1.312 94.79 5.825

P(12) 80.60 1.394 91.83 14.54

P(11) 87.79 1.375 98.87 15.23

P(10) 80.90 1.463 87.42 13.61

P(9) 98.61 1.523 106.9 16.48

P(8) 80.15 1.393 84.33 13.79

P(7) 87.69 1.379 78.39 14.18

P(6) 86.88 1.380 85.46 14.77

P(5) 96.69 1.298 93.93 15.74

P(4) 92.47 1.279 89.13 15.08

P(3) 89.99 1.278 86.45 14.74

P(2) 84.29 1.318 78.72 12.82

P(1) 70.99 1.328 81.48 12.05

R(0) 72.18 1.288 82.37 12.04

of the absorption features to the much more pronounced
12CO features. We were only able to reliably fit eight

absorption features with an adequate Gaussian profile,

all in the portion of the spectrum between λ = 4.64

µm and λ = 4.74 µm. This analysis yields an average

blueshift corresponding to a velocity of −39± 3.3 km/s,

with a maximum velocity of −31.9 km/s and a mini-

mum velocity of −42.5 km/s. Table 4 shows the name,

theoretical center, and calculated velocity shift of the

line.

Interestingly, the blueshifting is not comparable to the

blueshifts obtained for 12CO, implying that the 12CO
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Table 4. 13CO Absorption Features; Names, Positions and
Velocities

Name Theoretical Center (µm) Velocity (km/s)

R(3) 4.738 -31.91

R(6) 4.715 -42.47

R(9) 4.693 -40.03

R(10) 4.685 -42.48

R(11) 4.678 -38.81

R(12) 4.671 -39.42

R(13) 4.664 -41.38

R(15) 4.650 -42.47

Avg. v (km/s): -39.9

σv (km/s): 3.31

and 13CO features belong to different regions of the ob-

ject. The blueshift is still significant enough that we

can assume with a relatively high degree of certainty

that the region responsible for 13CO absorption is also a

part of a molecular outflow associated with LkHα 225S.

Unlike 12CO, properties of the 13CO region are some-

what less obscure. Figure 6 shows the interpolated and

stacked 13CO absorption features. It is immediately ev-

ident in this figure that the 13CO features do not show

the same characteristic double well apparent in the 12CO

absorption features. This is a good indicator, along with

the relative small size of the features in the spectrum

that the 13CO absorption lines are not optically thick,

as the 12CO lines were. From the rotation diagram, we

can derive a column density of the 13CO absorbing re-

gion of (3.3 ± 1.9) × 1020 cm−2. Temperature of the

region is the inverse slope of the linear fit, given that

values on the x-axis are the quantity E(K/kb). We can

find therefore that the temperature of this region is ap-

proximately (383)±1.35×10−4, making the region fairly

hot with respect to the surrounding medium. For ref-

erence, Table 5 shows absorption feature names, equiv-

alent widths, FWHMs, and associated errors in those

quantities.

Table 5. 13CO Absorption Features; Equivalent Widths,
FWHMs, and Associated Errors

Name Eq. Width (km/s) σEq.Wid. FWHM (km/s) σFWHM

R(3) 4.316 1.588 18.29 1.823

R(6) 5.658 1.587 23.92 2.019

R(9) 5.172 1.455 21.11 1.796

R(10) 5.185 1.448 27.93 1.752

R(11) 4.278 1.439 21.52 1.509

R(12) 4.779 1.441 23.64 1.643

R(13) 4.194 1.393 24.37 1.411

R(15) 2.909 1.370 26.75 1.164

4.3. H2O Results

We inverted and exaggerated the emission line sec-

trum for AS 205A to obtain a spectrum that closely

resembled the spectrum obtained for LkHα 225S. It was

immediately evident that there was again significant

blueshifting of the H2O absorption features, as there

were in 12CO and 13CO. The spectrum obtained here

had a much higher noise level than the spectra obtained

for CO. We used the region of the spectrum for AS 205A

between λ = 2.925 µm and λ = 2.932 µm, which showed

several prominant H2O features (Salyk et al. 2008) to

align the LkHα 225S spectrum. In the end, a shift of

≈ 0.3 nm was needed to align the LkHα 225S spec-

trum with the AS 205A spectrum. At this wavelength,

this corresponds to a Doppler shift of −30.91 km/s, less

than both 12CO and 13CO, but still larger than what

would be expected from the protoplanetary disk, imply-

ing that it, along with the other absorption features, is

propelled by a molecular outflow originating from LkHα

225S. This is a significant find, as it is thought that it

may be difficult for H2O to survive in the radiative envi-

ronment of an outflow. Further study of this spectrum

is needed to confirm our findings, and derive a model

that accurately explains the observed phemonenon.

4.4. Geometry of the LkHα 225S Molecular Outflow

Having obtained a set of Doppler lineshifts and

linewidths, our next goal was to determine some proper-

ties of the geometry of the region, in order to further our

understanding of the nature of the outflow. Models tend

to agree that the outflow spirals with a constant angular

momentum. This is evident in our linewidths, which cor-

respond to the azimuthal motions in the outflow. There-

fore, we expect vφr = const., and that vφ ∝ 1
r . Having

obtained a set of linewidths for 12CO and 13CO, we can

compare the ratio of azimuthal velocities (linewidths)

to determine the ratio of distances along the outflow

stream. Table 6 shows comparisons between median,

mean, minimum, and maximum azimuthal velocities.

Table 6. Comparison of 12CO and 13CO azimuthal veloci-
ties by linewidth comparisons

Linewidth (12CO) R13CO/R12CO

Median v 89.131 0.267

Mean v 90.771 0.258

Max. v 112.123 0.249

Min. v 61.854 0.296

Linewidth (13CO)

Median v 23.78

Mean v 23.44

Max. v 27.93

Min. v 18.29

Variations between calculated ratios of radii were min-
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imal, and were all around R13CO/R12CO ≈ 0.27. In all

cases, the 13CO absorption features appear to be more

interior to the disk than the 12CO features.

Additionally, tangential velocity is expected to in-

crease with distance from the origin of the outflow due

to radiative acceleration. To determine the relative dis-

tances of our three studied spectra, we used models from

Kurosawa, Harries, and Symington (Kurosawa et al.

2005), who give radius as a function of wind acceleration

parameter, β. Interestingly, in this model, for β = 0.2,

H2O would be interior to the disk. However, for all other

values of the parameter β, H2O is the most interior to

the disk, while still being within the outflow. In this

model, 12CO is the most exterior of the three molecules

studied, and H2O is the most interior, while 13CO falls

between the two. Table 7 shows the ratios of radii be-

tween the three molecules, relative to 12CO.

Table 7. Comparison of 12CO, 13CO, and H2O tangential
velocities by comparison of Doppler shifts

12CO vavg = 83 km/s

Accel. Param. β lAU

0.2 0.0103

0.5 0.019

1 0.12

2 0.1665
13CO vavg ≈ 40 km/s

β lAU R13CO/R12CO

0.2 1.1 × 10−4 0.011

0.5 1.1 × 10−2 0.58

1 0.1 0.83

2 0.115 0.697

H2O vavg ≈ 31 km/s

β lAU RH2O/R12CO RH2O/R13CO

0.2 N/A N/A N/A

0.5 0.01 0.53 0.91

1 1.6 × 10−2 0.13 0.16

2 0.11 0.67 0.96

5. DISCUSSION AND CONCLUSIONS

From the obtained spectra of the LkHα 225S region,

we were able to derive several interesting quantities

about the region. The region appears to be a molec-

ular outflow, oriented to be pole-on, originating at the

protostar at the center of the region. This hypothesis is

supported by the significant blueshift in the absorption

features for 12CO, 13CO, and H2O. Furthermore, this

hypothesis is supported by the research of other groups,

such as Matthews et. al. (Matthews et al. 2007), who

give a position-velocity diagram indicative of a single,

blueshifted source with no variation in velocity with po-

sition, whereas for features endemic to the protoplane-

tary disk, we would expect to see both a red- and blue-

shifted component on a position-velocity diagram.

This is especially interesting in the case of H2O ab-

sorption, as the H2O absorption features are likewise

blueshifted in such a way as to imply that they too orig-

inate in the same molecular outflow, despite the current

model that suggests H2O would be unable to survive the

energetic outflow regions.

While all three molecules showed significant Doppler

shifting in their absorption features relative to the theo-

retical positions of those same features, all three showed

different levels of shifting. From this, we conclude that

all three sets of absorption features likely originate in

different areas of the outflow. Using models for radia-

tive acceleration along a molecular outflow, we found

that H2O was most interior to the protoplanetary disk,

while 12CO was most exterior, and 13CO fell between

the two. We were also able to derive a ratio of radii for
12CO and 13CO using the conservation of angular mo-

mentum. Using this calculation, we showed that 13CO

was interior to 12CO, but values were not comparable

to the values given by the radiative acceleration model.

We theorize this is due to the optical depth of the 12CO

absorption features, which likely caused inaccuracies in

directly observing linewidths.

Due to the same saturation, we were unable to use a

rotation diagram to derive the temperature and column

density of the 12CO absorbing region. Further work in-

cludes finding a new model that will allow us to derive

these quantities despite the absorption features being

optically thick. The rotation diagram for 13CO, how-

ever, appears to be optically thin, and we were able to

derive column density and temperature for the absorb-

ing 13CO. The temperature for 13CO derived from the

rotation diagram was T = (383.1)±1.3×10−4K, with a
13CO column density of N = (3.25± 1.88)× 1020cm−2.

Finally, we determined that the continuum emission

for this source could not originate at the star. Despite

the lack of relevant data for this region, for our purposes

we found that even the most extreme assumptions we

made concerning the system yielded a continuum level

two orders of magnitude below the observed value. Us-

ing the derived temperature of the 13CO region, we were

able to place a lower bound on the radius of the contin-

uum region of ≈ 13AU . The derived temperature here

would be an extreme upper bound to the temperature

of the continuum emission, as the 13CO is expected to

be significantly different in temperature than the contin-

uum region due to its placement within the outflow. We

can safely say that given our assumptions, the contin-

uum must come from a much larger area than could be

provided by the protostellar object at the center of the

region, and that the protoplanetary disk must therefore

be providing the majority of the continuum emission.

In summary, our observations seem to be of a pole-

on molecular outflow within the LkHα 225S region. We
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observe several different molecules at a variety of wave-

length ranges and find their absorption features to all

be significantly Doppler shifted relative to their theo-

retical positions. The calculated Doppler shifts show

three separate and distinct regions along the column of

this outflow, each with its own separate properties. The

widths of the 12CO and 13CO absorption features differ

in a manner consistent with the expected conservation

of angular momentum at various distances along the col-

umn of the outflow, further supporting the hypothesis

that these two molecules are in distinct regions separate

from one another.

Further research is needed to confirm our findings, and

test our Doppler-derived velocities. Other future work

includes building a model that can adequately explain

the survival of the H2O molecule in the energetic out-

flow region, and building a model that allows us to derive

useful quantities from the 12CO absorption features, de-

spite their opacity to continuum light. Eventually, our

goal to compare densities along the column of the out-

flow to further our understanding of the physics driving

these molecular outflows, and perhaps refine our under-

standing of the nature of these features of protoplan-

etary disks, including the driving impulse behind the

outflow itself.
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Figure 12. The spectrum for LkHα 225, overlaid with 13CO line positions in red. In this version, we have not corrected for the
outflow velocity in this region, in order to provide a point of contrast with the outflow-corrected version seen in Figure 2.


