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Shock Chemistry 

 Shocks are ubiquitous  
throughout the ISM"

 Theoretical work predicts 
many complex molecules 
form more efficiently in ice  
on dust  (Garrod & Herbst, 2006)"

 C-Shocks can liberate species from grain without 
destroying them, allowing for gas-phase probes of 
condensed-phase chemistry (Requena-Torres et al. 2006)"

 Transient phenomena such as shocks may be necessary 
to explain enhances abundances of complex species 
compared to theoretical predictions"

Burke & Brown, 2010 
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L1157 

 Class 0 protostar with  
prototypical “chemically 
-active” outflow"

 Bow shocks cause  
non-thermal desorption  
of mantles (Fontani et al. 2014)"

 L1157-B1 & B2: recent  
shock events"
  B1: warmer and younger shock 

Tkin~ 80-100 K, tshock ∼ 2000 yr"

  B2: cooler and older shocker 
Tkin∼ 20-60 K, tshock ∼ 4000 yr"
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(Gueth, Guilloteau & Bachiller 
1996; Tafalla & Bachiller 1995; 

Lefloch et al. 2012) 



L1157 

 Class 0 protostar with  
prototypical “chemically 
-active” outflow"

 Bow shocks cause  
non-thermal desorption  
of mantles (Fontani et al. 2014)"

 L1157-B1 & B2: recent  
shock events"
  B1: warmer and younger shock 

Tkin~ 80-100 K, tshock ∼ 2000 yr"

  B2: cooler and older shocker 
Tkin∼ 20-60 K, tshock ∼ 4000 yr"

Andrew Burkhardt ISMS 2016 

(Gueth, Guilloteau & Bachiller 
1996; Tafalla & Bachiller 1995; 

Lefloch et al. 2012) 

B2"

B1"

B0"



Observations 

 Supplementary CARMA data  
toward L1157B from search for  
NH2OH from McGuire et al. 2015"

 Observations of CH3OH, HCN, 
HCO+, & HNCO emission toward  
(also partially CH3CN)"
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Transitions and parameters accessible at 
www.splatalogue.net (Remijan et al. 2007)"

Table 1

Targeted CARMA Transitions

Molecule Transition ν Eu Beam RMS (σ)
(GHz) (K) (arcsec2) (mJy beam−1)

CH3OH
(methanol)

2−1,2 − 1−1,1 96.73936(5) 12.9

6.��03 × 5.��53 8.520,2 − 10,1 + + 96.74138(5) 6.9
20,2 − 10,1 96.74455(5) 20.1
21,1 − 11,0 96.75551(5) 28.0

HCN
(hydrogen cyanide)

J = 1− 0, F = 1− 1 88.63042(2) 4.25
3.��45 × 3.��27 4.8J = 1− 0, F = 2− 1 88.63185(3) 4.25

J = 1− 0, F = 0− 1 88.63394(3) 4.25
HCO+

(formylium) J = 1− 0 89.18853(4) 4.28 3.��39 × 3.��23 5.1

HNCO
(isocyanic acid) J = 40,4 − 30,3 87.92524(8) 10.6 3.��50 × 3.��28 7.0

Note.—The resolved quantum numbers and frequencies of each transition are listed. Also in-
cluded are the synthesized beam sizes and approximate rms levels for each window, where no spectral
binning was performed. Transitions and parameters accessible at www.splatalogue.net (Remijan et
al. 2007). Catalogued at CDMS (Müller et al. 2005). and JPL (Pickett et al. 1998)

define three new clumps: B0k and B0� using the
HCO+ emission, and B2d using the HNCO emis-
sion. The coordinates and dimensions of the re-
gions used are defined in Table 2. Also in Ta-
ble 2, we list the region used to extract the
spectra toward the gas surrounding L1157-
mm, whose position was determined by
Gueth et al. (1997). While the source size
is likely much smaller than the region used,
the size and shape were chosen for compar-
ison to clumps in outflow. Figure 2 shows the
integrated line emission of CH3OH 2k-1k, HCN (1-
0), HCO+ (1-0), and HNCO (40,4−30,3), with the
elliptical regions overlaid.

3.1.3. CH3OH

CH3OH 2k-1k displays a clumpy structure that
is consistent with the previous observations by
Benedettini et al. (2007). In our newly-assigned
clumps of B0k, B0�, and B2a, we detect emis-
sion, although the clumps are not as prominent
in CH3OH emission as in HNCO and HCO+. As
has been found in previous observations, CH3OH

emission is generally observed to be brighter on
the western side of B1, and has significant emis-
sion along the ridge in B0.

3.1.4. HCN

HCN (1-0) shows structure similar to CH3OH,
with significant clumping evident throughout
L1157B. However, whereas CH3OH produces
stronger emission on the western wall of the C2
cavity (i.e. in B1b, B0d, B0b), HCN emission is
strongest on the eastern wall of C2 (i.e. in B1a,
B0e, and B0a). This trend was also reported in
Benedettini et al. (2007). Significant structure is
also seen outside of these clumps that is not seen
in other molecules, especially toward the eastern
wall of B0, with an arm protruding to the east
of B0. This structure has been observed previ-
ously in SiO (5-4) as an “arc-like” structure to
the east of the U-shape of C2 (Gómez-Ruiz et al.
2013). HCN (1-0) has stronger emission toward
the eastern clumps of B1, unlike CH3OH, which
is consistent with the chemical segregation previ-
ously observed (Benedettini et al. 2007). In B2,

5

of condensed-phase NH2OH formed at low temperatures is
liberated en masse into the gas phase prior to its release by
thermal mechanisms.

Shocked regions displaying high degrees of molecular
complexity likely represent this best-case scenario. In these
regions, complex molecules are formed efficiently in ices at
low temperatures, but are not otherwise liberated into the gas
phase except by thermal desorption at much greater tempera-
tures. When these ices are subjected to shocks, however, the
mantle is non-thermally ejected into the gas phase, resulting in
large abundances of relatively cool (Trot < 100 K), complex
organic material (see, e.g., Requena-Torres et al. 2006). One of
the most prominent of these regions is the young protostellar
outflow L1157. Numerous recent studies report high degrees of
molecular complexity arising from shocked regions within the
outflow, which originates in cold, quiescent gas around the
protostar (see, e.g., Arce et al. 2008 and Codella et al. 2015).

Here, we present deep searches for NH2OH using the
Caltech Submillimeter Observatory (CSO) at λ = 1.3 mm and
the Combined Array for Research in Millimeter-wave Astron-
omy (CARMA) at λ = 3 mm toward the L1157 outflow. We
report non-detections of NH2OH in both searches. In order to
derive upper limits to the column density of NH2OH, we use
transitions of CH3OH observed with the CSO to constrain the
kinetic temperature and density in the shocked gas using a
radiative-transfer approach, and CARMA images of CH3OH
and HNCO to determine the size of the shocked gas. Finally,
we estimate upper limits to the abundance of NH2OH and
discuss possible implications.

2. L1157

L1157 is a dark cloud in Cepheus located at a distance of
∼250 pc (Looney et al. 2007) which contains a prototypical
shocked bipolar outflow from a Class 0 protostar. It has been
the subject of great interest in the last 20 years, with numerous
studies investigating the physical conditions within the source.
Due to the variety of methods used in these studies, direct
comparisons between their results are challenging. Never-
theless, an overall picture does arise, and this general
description will be sufficient for the discussion presented here.

Originating in the cold, quiescent gas (T ∼ 13 K, Bachiller
et al. 1993) surrounding the Class 0 protostar L1157-mm, the
southern lobe of the accelerated outflow (T ∼ 50–100 K;
Bachiller et al. 1993) has undergone two major shocks, referred
to as L1157-B1 and L1157-B2. The B1 shock is younger and
warmer (∼2000 years, Tkin ∼ 80–100 K) than the B2 shock
(∼4000 years, Tkin ∼ 20–60 K), and many complex chemical
species are observed in enhanced abundance toward both
shocks due to non-thermal desorption from grains (Mendoza
et al. 2014; Codella et al. 2015). While the absolute values of
these physical parameters vary somewhat within the literature,
this qualitative picture and enhancement in chemical abun-
dance is consistently reported.

3. CSO OBSERVATIONS

The spectrum toward L1157 obtained with the CSO was
collected over eight nights in 2012 July–September, and seven
nights in 2014 September and December. The telescope was
pointed at the B1 shocked region at α(J2000) = 20h39m07 7, δ
(J2000) = 68°01′15 5 and the B2 shocked region at α
(J2000) = 20h39m13s, δ(J2000) = 68°00′37″ (see Figure 1), and

spectra were adjusted to a vLSR = 1.75 km s−1. A small subset
of scans toward B1 were obtained at a second position offset by
−4″ in declination. The CSO 230/460 GHz sidecab double-
sideband (DSB) heterodyne receiver was used in fair weather
(τ220 = 0.1–0.25) resulting in typical system temperatures of
300–500 K. The backend was a fast Fourier-transform spectro-
meter which provided 1 GHz of DSB data at 122 kHz
resolution (∼0.2 km s−1 at 230 GHz). The total frequency
coverage was 188–193, 200–205, 237–243, and 249–255 GHz
toward B1, and 237–243 and 249–255 GHz toward B2. The
targeted transitions of NH2OH are given in Table 1.
A chopping secondary mirror with a throw of 4′ was used for

ON-OFF calibration. Pointing was performed every ∼2 hr and
typically converged to within 1″–2″. The raw data were
calibrated using the standard chopper wheel calibration method
resulting in intensities on the atmosphere-corrected !TA
temperature scale. These were then corrected to the main beam
temperature scale, Tmb, where !T T .mb A mb For these
observations, the main beam efficiency was ηb = 0.70. The
spectra were collected in DSB mode at a variety of IF settings
to allow for a robust deconvolution. The CLASS package from
the GILDAS suite of programs7 was used for the data
reduction. Spurious signals were removed from the spectra,
which were then baseline subtracted using a polynomial fit. The
standard CLASS deconvolution routine was used to generate
single-sideband data. The spectra were then Hanning smoothed
to a resolution of ∼1.4 km s−1. The average FWHM linewidth
in B1 was ∼7.9 km s−1, and in B2 was ∼5.2 km s−1.

Figure 1. CARMA observations of CH3OH and HNCO toward L1157.
Contours are an integrated Moment 0 map of the 2 1,2–1 ,1,1 20,2–10,1++, and
20,2–10,1 transitions (Eu = 12.5 K, 7 K, and 20.1 K, respectively) of CH3OH at
contour levels of 0.16, 0.32, 0.49, 0.66, and 0.82 Jy beam−1. These are overlaid
on an integrated Moment 0 map of the 40,4–30,3 transition of HNCO spanning 0

0.025 Jy beam−1 in a single color cycle. The HNCO transitions trace the
warmer, compact shocks, while the CH3OH transitions reveal the overall
structure of the colder, diffuse outflow. The location of the two targeted
observations of B1 and B2 with the CSO are shown as dashed white lines,
approximately equal to the CSO beam size (∼30″) at the observed frequencies.

7 Institut de Radioastronomie Millimétrique, Grenoble, France—http://www.
iram.fr/IRAMFR/GILDAS
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McGuire et al. 2015"

 Nearly 90 hr in C, D, & E 
configurations"

 Spectral resolution:  
243 kHz (~0.7 km s-1)"



Maps 

 E/W Chemical  
Differentiation"

 First maps of  
HNCO for this 
source"

 Enhancement 
of HNCO in B2"
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Spectra 
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Spectra – CH3OH 
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Relatively consistent enhancement 
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RADEX 
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Table 3

Molecular Abundances and Enhancements

CH3OH HCN HNCO
N N

NH2
N N

NCH3OH
N

NH2
N N

NCH3OH
N

NH2

(1015 cm−2) (10−6) (1013 cm−2) (10−2) (10−8) (1013 cm−2) (10−2) (10−8)

B0d 1.5 1.5 2.6 1.7 2.6 2.5 1.6 2.5
B1a 1.9 1.9 10. 5.3 10. 3.2 1.7 3.2
B1b 2.1 2.1 5.3 2.5 5.3 3.8 1.8 3.8
B2a 2.7 2.7 9.9 3.7 9.9 8.0 3.0 8.0
B2b 1.6 1.6 6.6 4.2 6.6 5.5 3.5 5.5
B2d 2.1 2.0 8.0 3.9 7.9 7.5 3.6 7.5

Note.—For the three molecules studied in depth, the column densities calculated through radex are given
at each region that coincides with Paper I CSO pointings, along with the enhancement relative to CH3OH and
overall abundance relative to H2. Errors, as described in Paper I, are calculated to be ∼32%

with generally larger offsets observed at distances
further from L1157-mm (Table 4). There is also a
small, blue wing with a width of ∼4 km s−1 ob-
served towards B1 and B0a, c, d, and e. Since B1
is located at the apex of the bow shock, this wing
may originate from the terminal velocity of the
shock as it propagates into cold, dense, unshocked
material.

The reported column density for CH3OH is
the SNR-weighted average of the individual col-
umn densities derived per transition using radex.
The column densities remained fairly consistent
for the various regions, being on the order of ∼1.5-
2.7×1015 cm−2. Similarly, the abundances relative
to hydrogen are estimated to be ∼1.5-2.7×10−6,
with the highest abundances toward B2a. These
are displayed in Table 3. These values are consis-
tent with the results of Paper I, which obtained
column densities of ∼3×1015 cm−2 from CSO ob-
servations towards B1 and B2. The small differ-
ences in column densities may be attributed to
Paper I’s use of a two-component fit in the radex
analysis, as well as some of the extended emis-
sion from CH3OH in the cooler component be-
ing resolved out by CARMA’s beam. Given the
general agreement with previous observations, we
will study the abundance enhancement of other
observed molecules relative to methanol.

3.2.2. HCN

HCN has been detected in all clumps studied
in L1157B, as well as the stellar source. Velocity
offsets of HCN (1-0) were observed to be slightly
blueshifted to the systemic velocity, but with no
significant gradient over distance from L1157-mm
observed. As seen in Figure 3, the three hyper-
fine components are clearly resolved, and we re-
port two anomalous features.

First, the F = 0 − 1 hyperfine component is
seen to be broadened and contains a prominent
blueshifted wing toward most clumps in B0 and
B1, as seen in previous observations of this line
(Benedettini et al. 2007). This component is as-
sociated with the g2 component observed in CO
(Lefloch et al. 2012) as well as in HCO+ in our ob-
servations. Here, the lower-frequency edge of the
blue wing was set by where the morphology of the
line emission significantly changed before the peak
of the F = 0− 1 transition. The integrated HCN
(1-0) emission in the velocity range of -15 to -4 km
s−1, with respect to the F = 0− 1 hyperfine com-
ponent, is shown in Figure 4 overlaid on HCO+

emission within this velocity range. This veloc-
ity component clearly maps to the apex and east-
ern wall of C2 and is notably absent toward B2.
This may imply that the wing emission originates
from the shock as it propagates through the semi-
processed material between C1 and C2, and thus
has not been significantly slowed down. This is
further evidenced by SiO emission, which displays

11

 Derived column densities & abundances for CH3OH, HCN, 
HNCO using non-LTE radiative transfer code, RADEX 
(Van der Tak et al. 2007)"
  Used physical constraints from CSO observation of CH3OH in 

McGuire et al. 2015"

 Compared enhancement relative to CH3OH and H2"
 HCN, strong enhancement in East C2 and B2b"
 HNCO displays strongest enhancements in galaxy in B2"



E/W Differentiation in C2 
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 Previously reported in literature with 
for most species (Benedettini et al. 2007)"

 W wall = liberation of grain species"

 E wall = Destruction of complex species, Core sputtering (SiO)"



 Proposed scenario for C2:"
  Western wall is shocking cold,  

pristine material"

  CH3OH, HNCO liberated off grains"

  Eastern wall is interacting with  
pre-shocked material within C1"

  HCN, HCO+ produced from destruction  
of complex species in gas-phase"

  SiO enhanced as bare grains shocked"

E/W Differentiation in C2 
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Spectra – Wing Components 
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 -15 -> -4 km s-1 wings of HCN,  
HCO+ exclusively on East C2 "
  Also, ~4 km s-1 wing seen for  

CH3OH, HNCO on West C2"

 Supports E/W differentation scenario"

 Pre-shocked material -> Less drag on shock"



HCN 4th Feature 

 Words"
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 4th feature seen in HCN spectra"
 Possibilities:"

  Velocity shifted component?"
  Hyperfine line ratios"

  Different species?"
  None as strong as HCN (1-0)"

  Self-absorption?"
  Significant underestimation of shock enhancements"



HCN 4th Feature 

 Words"
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 4th feature seen in HCN spectra"
 Possibilities:"

  Velocity shifted component?"
  Hyperfine line ratios"

  Different species?"
  None as strong as HCN (1-0)"

  Self-absorption?"
  Significant underestimation of shock enhancements"
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 Enhancements observed for HCN,  
CH3OH, and HNCO toward B2"
  Largest HNCO enhancement in galaxy 

(RodrÍguez-Fernández et al. 2010; Mendoza et al. 2014)"

 B2 = older, potential chemical clock?"
  post-shock, gas-phase reactions may 

become significant"

  Additional chemistry from enhancement 
of O2 from ice (Bergin et al. 1998; Gusdorf et al. 2008)"

 HNCO, proposed dominant pathways:  
"a) initial grain erosion, then  
"b) gas phase rx CN + O2OCN 

             then OCN + H  HNCO (RodrÍguez-Fernández et al. 2010)    

B2 Enhancement 
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B2 Shock  
(4000 yr) 

B1 Shock  
(2000 yr) 



Conclusions 

 Report high-resolution CARMA maps of CH3OH, HCN, 
HCO+, HNCO toward L1157"

 CH3OH abundance consistent across regions, produced 
by liberation off of grains due to shocks"

 HCN/HCO+ & CH3OH/HNCO velocity profiles indicative of 
originating from the same physical regions"

 E/W differentiation in C2 perhaps because difference in 
shock-chemistry when the impacted medium is pristine or 
previously-shocked, shown by molecular enhancement & 
velocity profiles"



Thanks 

 Advisors: Tony Remijan (NRAO), Eric Herbst (Uva)"

 Remijanistan: Brett McGuire, Brandon Carroll, Joanna 
Corby, Chris Shingledecker, Ryan Loomis, Klaus 
Dollhopf, Tom Booth"

 NASA Exobiology and Evolutionary Biology program 
through a subcontract from Rensselaer Polytechnic 
Institute for funding"

 Virginia Space Grant Consortium for funding"

Andrew Burkhardt ISMS 2016 


