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ABSTRACT

Context. Formamide is the simplest bearer of peptide bond detected in the interstellar medium (ISM).
Aims. There is still a lack of laboratory data on its rotational spectrum in the THz domain.
Methods. We measured the rotational spectrum of formamide in the frequency range 400–950 GHz. The ground and first excited
vibrational state of the normal species as well as the ground state of 13C isotopic species were analysed.
Results. The results obtained represent an extension by a factor of two in frequency range compared to previous studies. Of all
transition frequencies in the dataset about 45% are new measurements. A reliable set of rotational constants allows accurate predictions
of transition frequencies in the THz domain. Based on the spectroscopic results, the ν12 = 1 excited vibrational state of formamide
was detected in the IRAM 30 m line survey of Orion KL for the first time in the ISM.

Key words. line: identification – astronomical databases: miscellaneous – ISM: molecules – submillimeter: ISM –
ISM: individual objects: Orion KL

1. Introduction

Formamide (NH2CHO) has been established as an interstel-
lar species back in the early 1970s (Rubin et al. 1971). It is
an important molecule for interstellar pre-biotic chemistry be-
cause it contains a peptide bond –C(=O)NH– that holds together
the chains of amino acids. Recently it has been shown that of
all possible simplest interstellar molecules that contain a pep-
tide bond, formamide is the most stable energetically (Lattelais
et al. 2010). Formamide is a light molecule whose maximum
absorption (emission) lies at about 650 GHz below 300 K and
an intense spectrum that extends far beyond 1 THz. Several
groups have studied the rotational spectrum of formamide since
1955 (Kurland 1955; Kurland & Bright Wilson 1957; Costain &
Dowling 1960), but all these studies were quite limited in terms
of frequency range. The first revision of the results made by
Johnson et al. (1972) provided accurate predictions of transition
frequencies of the ground state of formamide up to 180 GHz.
Several subsequent studies (Kirchhoff & Johnson 1973; Hirota
et al. 1974; Moskienko & Dyubko 1991; Vorob’eva & Dyubko
1994) have extended the measurements into the sub-millimeter
wave range up to 445 GHz for the ground and first excited vi-
brational state ν12. The recent paper by Kryvda et al. (2009)
presents a new revision of all previous results as well as new
spectroscopic data on normal, 13C, 15N, and 18O isotopic species
of formamide in the frequency range up to 250 GHz.

� Measured rotational transitions (Tables 4–6) are only available at
the CDS via anonymous ftp to
cdsarc.u-strasbg.fr (130.79.128.5) or via
http://cdsarc.u-strasbg.fr/viz-bin/qcat?J/A+A/548/A71

We report here on an extended study of the rotational spec-
trum of the ground and first excited vibrational state of normal
formamide as well as on the ground state of NH13

2 CHO in the
frequency range 400–950 GHz. We also report the first detection
of the ν12 = 1 state in Orion KL, which is based on improved
spectroscopic data obtained in this study.

2. Experiments

The measurements of the rotational spectrum of formamide
were performed in three frequency windows: 400–465
and 800–945 GHz with a solide-state source spectrometer
(Motiyenko et al. 2010); and 580–660 GHz with a fast-scan
spectrometer (Alekseev et al. 2012). The sample of NH2CHO
of 99% purity was purchased at Aldrich and was used without
further purification. Thus, the spectra of 13C isotopic species of
formamide were measured in natural abundance (about 1.1%).
The optimum sample pressure was found to be about 1 Pa
(10 μbar) with a tendency to increase to 2 Pa at higher frequen-
cies. The measurement accuracy for a strong isolated line is es-
timated to be better than 30 kHz in the frequency range up to
500 GHz and 50 kHz in the frequency range above 500 GHz
due to Doppler line broadening. Blended lines and lines with
a poor signal-to-noise ratio were weighted at 50 or 100 kHz,
respectively.

3. Assignments and fit

Formamide is a prolate asymmetric top molecule, its asymme-
try parameter is κ = −0.95. Theoretical and experimental stud-
ies suggest that formamide is an almost planar molecule with
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Table 1. Rotational constants of formamide.

S-reduction A-reduction
Parameters NH2CHO v = 0 Parameters NH2CHO v = 0 NH2CHO ν12 NH13

2 CHO v = 0
A (MHz) 72716.89840(19)a A (MHz) 72716.89800(19) 71738.72306(35) 71058.2044(11)
B (MHz) 11373.509642(28) B (MHz) 11373.582453(28) 11351.591159(46) 11372.56100(11)
C (MHz) 9833.952804(27) C (MHz) 9833.881236(26) 9839.250469(44) 9801.88771(11)
DJ (kHz) 7.761879(23) ΔJ (kHz) 7.985385(25) 8.045855(47) 7.92971(15)
DJK (kHz) –67.83261(43) ΔJK (kHz) –69.17265(44) –66.89468(83) –68.7265(27)
DK (kHz) 1400.6906(38) ΔK (kHz) 1401.8297(39) 1316.3907(55) 1391.412(54)
d1 (kHz) 1.5757698(38) δJ (kHz) 1.5757972(33) 1.5649226(80) 1.603172(72)
d2 (kHz) 0.1116821(18) δK (kHz) 36.12735(46) 33.7255(12) 35.398(11)
HJ (Hz) 0.0093375(57) ΦJ (Hz) 0.0109407(68) 0.010671(15) 0.010969(60)
HJK (Hz) –0.19637(18) ΦJK (Hz) 0.02458(46) [ 0.0] [ 0.0]
HKJ (Hz) –5.7948(20) ΦKJ (Hz) –6.5546(25) –6.0831(56) –6.429(11)
HK (Hz) 80.679(48) ΦK (Hz) 81.477(49) 67.948(44) 82.03(65)
h1 (Hz) 0.0045512(18) φJ (Hz) 0.0047135(19) 0.0045954(44) 0.004926(36)
h2 (Hz) 0.0008207(16) φJK (Hz) 0.06666(42) 0.06623(88) 0.0549(63)
h3 (Hz) 0.00017663(30) φK (Hz) 12.506(21) 10.428(20) 11.155(63)
LJK (mHz) –0.01208(49) LJK (mHz) –0.02370(49) –0.0238(14) [ 0.0]
LKKJ (mHz) 0.4272(29) LKKJ (mHz) 0.4614(29) 0.398(11) [ 0.0]
LK (mHz) –5.41(16) LK (mHz) –6.25(16) [ 0.0] [ 0.0]
l2 (mHz) –0.00001296(26) χaa (MHz) 1.9543(13) 1.7616(33) 1.9653(27)
χaa (MHz) 1.9544(12) χcc (MHz) –3.8511(11) –3.5823(16) –3.8631(29)
χcc (MHz) –3.8510(11)

Nb 1630(709) 1630(709) 1243(581) 409(190)
σ (MHz)c 0.029 0.028 0.029 0.029
σw

d 0.72 0.72 0.70 0.70
JMax,Ka,Max 65, 24 65, 24 63, 22 45, 15

Notes. (a) Numbers in parenthesis are one time the standard deviation. (b) Number of distinct frequency lines in fit. Number in parenthesis corre-
sponds to new measurements. (c) Standard deviation of the fit. (d) Weighted deviation of fit.

an amino group with a slightly pyramidal structure. The amino
group also exhibits extreme flexibility and its out-of-plane wag-
ging is the lowest vibrational mode (ν12 = 289 cm−1). All other
excited vibrational states lie above 500 cm−1 and, consequently,
would hardly represent an interest for astrophysical observa-
tions. The rotational spectrum of formamide is dominated by a
strong series of a-type transitions owing to the high value of
the μa dipole moment projection (μa = 2.7 D) and the rela-
tively weak series of b-type transitions (μb = 0.8 D). Another
particular feature of the rotational spectrum of formamide is the
14N nuclear quadrupole hyperfine structure. In a Doppler limited
resolution it can be observed for transitions with relatively low
J and Ka values. In our measurements, hyperfine splittings were
observed for some weak b-type transitions even at 850 GHz.

The assignment process based on predictions available from
recent studies (Kryvda et al. 2009) was rather straightforward
and did not present any major difficulties. Relatively small de-
viations from the predicted frequencies were only observed for
high Ka transitions of normal isotopologue and high J transi-
tions of 13C species. However, after they were added to dataset
the transitions were fitted within experimental accuracy. The fi-
nal dataset consists of 1630 transition frequencies of the ground
state of normal species of formamide, 709 of which are new
measurements. For the ν12 state and 13C isotopic species the fi-
nal datasets contain 1243(581) and 409(190) transition frequen-
cies respectively, where the number of new measurements is
indicated in parentheses.

In fitting the rotational spectra of the ground vibrational
state we tested both the A- and S-reductions of the Watson
Hamiltonian in Ir representation since the structure of the

formamide molecule is rather close to the symmetric top
(κ = − 0.95). In this case, the choice of reduction is not obvi-
ous. The two reductions are distinguished first of all by a differ-
ent definition of the s111 parameter of the transformation (reduc-
tion) operator. First, we performed ab initio calculations of the
harmonic force field of formamide. Calculation were performed
at the B3LYP level of theory (Becke 1988; Lee et al. 1988) and
using a 6-311++G(3df, 2pd) basis set. From the results of the
calculations we estimated the value of the s111 parameter for both
reductions. Watson (see Watson 1977) showed that to ensure a
fast convergence of the Hamiltonian, the parameter s111 should
not exceed the order of magnitude of T/B, where T and B are the
values of the quartic distortion constants and the corresponding
rotational constants for the molecule in question. It appears that
the value of the s111 parameter is much lower for the S-reduction
(sA

111 = 2.8×10−7, sS
111 = 2.7×10−8). However both sA

111 and sS
111

are lower than any T/B (see Table A.1). Second, the results of the
least-squares fits using the A- and S-reduction Hamiltonians are
rather similar, as follows from their comparison in the Table 1.
The only difference is the number of parameters used in each fit.
For the available dataset, the fits of the same quality were ob-
tained from the 18 parameters of the A-reduction and 19 param-
eters of the S-reduction Hamiltonian. Finally, we performed ad-
ditional fits for transitions with unresolved hyperfine splittings to
check the condition number of the system of normal equations.
Here, for the fit with the A-reduction Hamiltonian the condition
number ηA = 332 is somewhat higher than for the S-reduction
ηS = 221.

In summary, both the A- and S-reductions of the Watson
Hamiltonian can be used in fitting the rotational spectrum of

A71, page 2 of 9



R. A. Motiyenko et al.: Formamide ν12 vibrational state in ISM

formamide. In our study we preferred using the A-reduction
because it needs smaller number of parameters to be fitted.
Therefore the analysis of the ground and ν12 = 1 excited vi-
brational state and the ground state of 13C isotopic species was
performed with the A-reduction.

For the least-squares fitting and to predict the spectra,
Pickett’s SPFIT/SPCAT programs (Pickett 1991) were used. The
additional statistical tests for transitions with unresolved hy-
perfine splittings were performed with the ASFIT program of
Z. Kisiel1. These tests were also important in choosing a cor-
rect set of octic centrifugal distortion parameters. Compared to
the last study we found that the non-diagonal octic parameter of
the A-reduction lK determined previously (Kryvda et al. 2009)
deteriorates the conditionality of the fit. This can lead to large
errors in predicting the transition frequencies, which are sensi-
tive to this parameter. Taking the present set of rotational tran-
sitions into account, the best choice of octic parameters for the
ground state consists of LJK , LKKJ , and LK , which provides good
conditionality and allows fitting the spectrum within the experi-
mental accuracy. For the ν12 state, only LJK and LKKJ could be
determined from the present dataset.

The sets of rotational and hyperfine constants determined in
this study for the ground and ν12 states of NH2CHO and for the
ground state of NH13

2 CHO are presented in Table 1. The com-
plete list of the measured rotational transitions (Tables 4–6) is
available at the CDS.

4. First detection of NH2CHO ν12 = 1 in Orion KL

We have detected vibrationally excited formamide for the first
time in space in the IRAM 30 m line survey of Orion KL pre-
sented in Tercero et al. (2010, 2011a). After summarizing the
observations, data reduction, and overall results of that line sur-
vey (Sects. 4.1 and 4.2), we concentrated on the detection of
NH2CHO ν12 = 1 and its analysis (Sect. 4.3). Finaly, we derived
vibrational temperatures (Sect. 4.4).

4.1. Observations and data reduction

The observations were carried out using the IRAM 30 m ra-
dio telescope during September 2004 (3 mm and 1.3 mm win-
dows), March 2005 (full 2 mm window), April 2005 (completion
of 3 mm and 1.3 mm windows), and January 2007 (maps and
pointed observations at particular positions). Four SiS receivers
operating at 3, 2, and 1.3 mm were used simultaneously with
image sideband rejections within 20–27 dB (3 mm receivers),
12–16 dB (2 mm receivers) and �13 dB (1.3 mm receivers).
System temperatures were in the range 100–350 K for the 3 mm
receivers, 200–500 K for the 2 mm receivers, and 200–800 K
for the 1.3 mm receivers, depending on the particular frequency,
weather conditions, and source elevation. For frequencies in the
range 172–178 GHz, the system temperature was significantly
higher, 1000–4000 K, owing to the proximity of the atmospheric
water line at 183.31 GHz. The intensity scale was calibrated us-
ing two absorbers at different temperatures and the atmospheric
transmission model (ATM, Cernicharo 1985; Pardo et al. 2001).

Pointing and focus were regularly checked on the nearby
quasars 0420-014 and 0528+134. Observations were made in the
balanced wobbler-switching mode, with a wobbling frequency
of 0.5 Hz and a beam throw in azimuth of ±240′′. No contam-
ination from the off-position affected our observations except

1 See PROSPE web site: http://www.ifpan.edu.pl/~kisiel/
prospe.htm

for a marginal one at the lowest elevations (∼25◦) for molecules
showing low J emission along the extended ridge.

Two filter banks with 512×1 MHz channels and a correlator
providing two 512 MHz bandwidths and 1.25 MHz resolution
were used as backends. We pointed towards the IRc2 source at
α2000.0 = 5h35m14.5s, δ2000.0 = −5◦22′30.0′′ (J2000.0).

For a more detailed description of the observations and data
reduction see Tercero et al. (2010).

4.2. Overall results of the line survey

Up-to-date overall results of the line survey: Within the 168 GHz
bandwidth covered (80–115.5, 130–178, and 196–281 GHz), we
detected more than 15 000 spectral features of which ∼10 500
were already identified and attributed to 45 molecules, including
191 different isotopologues and vibrationally excited states. This
paper is devoted to vibrationally excited formamide, therefore
we do not extend our overall results here. We expect to publish
our complete results by 2013; for more information, please con-
tact J. C. and B. T. In Tercero et al. (2010) we described the line
identification method for this line survey.

In agreement with previous works, four different spectral
cloud components were defined in the analysis of the low angu-
lar resolution line surveys of Orion KL, where different physical
components overlap in the beam. These components are char-
acterized by different physical and chemical conditions (Blake
et al. 1987, 1996; Tercero et al. 2010, 2011a): (i) a narrow or
“spike” (∼4 km s−1 line-width) component at vLSR � 9 km s−1

delineating a north-to-south extended ridge or ambient cloud
(Tk � 60 K, n(H2) � 105 cm−3); (ii) a compact and quiescent
region, the compact ridge, (vLSR � 7−8 km s−1, Δv � 3 km s−1,
Tk � 110 K, n(H2) � 106 cm−3) identified for the first time
by Johansson et al. (1984); (iii) the plateau, a mixture of out-
flows, shocks, and interactions with the ambient cloud (vLSR �
6−10 km s−1, Δv � 25 km s−1, Tk � 150 K, n(H2) � 106 cm−3);
(iv) a hot core component (vLSR � 5 km s−1, Δv ∼ 10 km s−1,
Tk � 250 K, n(H2) � 5 × 107 cm−3) first detected in ammonia
emission by Morris et al. (1980).

4.3. Detection and astronomical modelling

We detected formamide in the first vibrationally excited state
through 55 emission lines of the line survey. Despite the large
number of line blends in the 80–280 GHz domain, we were able
to assign these 55 lines to NH2CHO ν12 = 1. Table 2 gives
the observed line intensities and frequencies together with the
predicted frequencies from the rotational constants, based on
the work presented in this paper, for all transitions that are not
strongly blended with other lines from other species. In these
detections, we did not take into account the quadrupole hyper-
fine structure of the observed transitions due to the proximity in
frequency of the splitted levels.

All emission lines expected to have a TMB over 0.3 K (those
lines that correspond with a-type transitions with Ka ≤ 2, in the
1.3 mm domain) were detected. Unfortunately, several of them
are blended with strong emission lines from other molecules;
Table 2 gives information on these contaminating lines. There
is no strong line expected that is not observed in the astronom-
ical spectra. In addition, Table 2 gives the line intensity derived
from the model predictions (see below). The observed bright-
ness temperature for the lines in Table 2 was obtained from the
peak emission channel in the spectra. To quantify the contribu-
tion of possible blending, all contaminating species should be
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Table 2. Emission lines of NH2CHO ν12 = 1.

Transition Rest Eu S i j Observed Observed Modelled
JKa ,Kc freq. (MHz) (K) freq. (MHz) TMB (K) TMB (K)
41,4–31,3 81 682.74 428.3 3.75 1 ... ...
40,4–30,3 84 481.51 425.7 4.00 2 ... ...
42,3–32,2 84 741.66 437.4 3.00 3 ... ...
43,2–33,1 84 821.21 452.1 1.75 84 822.6 0.011 0.005
43,1–33,0 84 823.16 452.1 1.75 4 ... ...
42,2–32,1 85 021.46 437.5 3.00 85 022.0 0.024 0.011
41,3–31,2 87 728.81 429.0 3.75 87 728.9 0.043 0.015
51,5–41,4 102 051.89 433.2 4.80 102 052.0 0.025 0.031
50,5–40,4 105 392.40 430.7 5.00 105 393.0 0.044 0.036
52,4–42,3 105 890.63 442.5 4.20 105 891.0 0.044 0.027
54,2–44,1 106 023.11 477.7 1.80 106 023.0 0.037 0.017
54,1–44,0 106 023.13 477.7 1.80 4 ... ...
53,3–43,2 106 049.20 457.2 3.20 106 050.0 0.019 0.017
53,2–43,1 106 056.02 457.2 3.20 106 056.5 0.025 0.019
52,3–42,2 106 448.39 442.6 4.20 106 449.5 0.037 0.028
51,4–41,3 109 604.53 434.3 4.80 5 ... ...
61,5–51,4 131 440.80 440.6 5.83 131 441.91 0.091 0.070
70,7–60,6 146 786.16 443.8 6.99 146 785.87 0.18 0.10
72,6–62,5 148 110.98 455.7 6.43 8 ... ...
76,1–66,0 148 436.70 549.6 1.86 9 ... ...
76,2–66,1 148 436.70 549.6 1.86 4 ... ...
75,3–65,2 148 447.58 517.3 3.43 10 ... ...
75,2–65,1 148 447.58 517.3 3.43 4 ... ...
74,4–64,3 148 479.19 491.0 4.71 148 478.810 0.15 0.091
74,3–64,2 148 479.57 491.0 4.71 4 ... ...
73,5–63,4 148 546.28 470.4 5.71 11 ... ...
73,4–63,3 148 587.08 470.4 5.71 12 ... ...
72,5–62,4 149 649.30 455.9 6.43 149 649.7 0.13 0.091
71,6–61,5 153 227.92 447.9 6.85 153 226.811 0.25 0.070
81,8–71,7 162 945.38 453.7 7.87 162 945.7 0.12 0.13
80,8–70,7 167 233.53 451.9 7.98 167 233.0 0.16 0.15
82,7–72,6 169 172.83 463.8 7.50 10 ... ...
87,1–77,0 169 649.26 595.8 1.88 169 649.7 0.12 0.019
87,2–77,1 169 649.26 595.8 1.88 4 ... ...
86,2–76,1 169 654.15 557.7 3.50 169 653.6 0.14 0.051
86,3–76,2 169 654.15 557.7 3.50 4 ... ...
85,4–75,3 169 673.92 525.5 4.88 169 674.613 0.30 0.092
85,3–75,2 169 673.93 525.5 4.88 4 ... ...
84,5–74,4 169 723.79 499.1 6.00 14 ... ...
84,4–74,3 169 724.82 499.1 6.00 4 ... ...
83,6–73,5 169 816.46 478.6 6.87 169 816.6 0.23 0.10
83,5–73,4 169 897.86 478.6 6.87 15 ... ...
82,6–72,5 171 448.53 464.1 7.50 171 449.3 0.19 0.13

Notes. Emission lines of NH2CHO ν12 = 1 present in the frequency range of the 30-m Orion KL survey that are not strongly blended with other
lines from other species. Column 1 gives the line transition; Col. 2: calculated rest frequencies; Col. 3: energy of the upper level; Col. 4: line
strength; Col. 5: observed frequencies assuming a vLSR of 7.5 km s−1; Col. 6: observed peak line temperature (see text, Sect. 4.3); Col. 7: modelled
peak line temperature. Because of either their weakness or heavy blending, it is not possible to fit Gaussian profiles for these lines, so we cannot
give an integrated intensity. Nevertheless, we assumed a line width of �4–7 km s−1 taking into account the channels involved in the considered
features for the vibrationally excited formamide and the good agreement between model and observations (see text, Sect. 4.3).
(1) Blended with t-CH3CH2OH. (2) Blended with c-C2H4O. (3) Blended with CH3OH and 30SiO. (4) Blended with the last one. (5) Blended with HC3N
ν7 = 1. (6) Blended with CH3CH2CN b type. (7) Blended with CH13

3 CH2CN. (8) Blended with CH3OH. (9) Blended with (CH3)2CO. (10) Blended with
U line. (11) Blended with CH3OCOH. (12) Blended with CH3OCOH and 13CH3OCOH. (13) Blended with 13CH3CH2CN. (14) Blended with O13CS.
(15) Blended with CH3OCH3. (16) Noisy spectra due to the proximity of the atmospheric water line. (17) Blended with CH2CHCN. (18) Blended with
H13CCCN ν7 = 1−. (19) Blended with CH3CHO. (20) Blended with CH3CHO and NH2CHO. (21) Blended with (CH3)2CO and HDCS. (22) Blended
with CH3CH2CN out of plane torsion. (23) Blended with the blue wing of a SO2 line. (24) Blended with the wings of some molecules such as
CH3OCOH and CH3CH2CN. (25) Blended with 34SO2. (26) Blended with CH3O13COH. (27) Blended with CH3OCOH and CH3CH2CN in the plane
torsion. (28) Blended with CH3CH2CN in the plane torsion. (29) Blended with CH3OCOD. (30) Blended with NH2CHO and SO2ν2 = 1. (31) Blended
with 33SO2. (32) Blended with SO. (33) Blended with CH3OCOH and 13CH3OH. (34) Blended with H13CCCN and 33SO. (35) Blended with NH2CHO
and SO2. (36) Blended with CH3

13CN. (36) Blended with CH3CN and CH3
13CN. (38) Blended with CH3CN. (39) Blended with NH2CHO. (40) Blended

with CH3CN ν8 = 1. (41) Blended with CH3CN ν8 = 1 and CH2CHCN ν11 = 1.
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Table 2. continued.

Transition Rest Eu S i j Observed Observed Modelled
JKa ,Kc freq. (MHz) (K) freq. (MHz) TMB (K) TMB (K)
81,7–71,6 174 955.20 456.3 7.87 174 955.816 0.31 0.15
101,10–91,9 203 325.94 472.3 9.89 203 325.1 0.16 0.22
100,10–90,9 207 598.30 470.8 9.97 17 ... ...
102,9–92,8 211 176.58 483.1 9.60 211 177.6 0.14 0.21
108,2–98,1 212 081.60 659.1 3.60 10 ... ...
108,3–98,2 212 081.60 659.1 3.60 4 ... ...
107,3–97,2 212 085.17 615.1 5.10 212 087.610 0.12 0.065
107,4–97,3 212 085.17 615.1 5.10 4 ... ...
109,2–99,1 212 088.01 708.8 1.90 4 ... ...
109,1–99,0 212 088.01 708.8 1.90 4 ... ...
106,5–96,4 212 104.28 577.1 6.40 212 105.118 0.28 0.12
106,4–96,3 212 104.28 577.1 6.40 4 ... ...
105,6–95,5 212 151.01 544.8 7.50 212 152.619 0.45 0.19
105,5–95,4 212 151.06 544.8 7.50 4 ... ...
104,7–94,6 212 253.57 518.5 8.40 20 ... ...
104,6–94,5 212 258.90 518.5 8.40 4 ... ...
103,8–93,7 212 395.88 498.0 9.10 212 396.3 0.22 0.17
103,7–93,6 212 649.64 498.0 9.10 212 647.621 0.42 0.17
102,8–92,7 215 449.20 483.7 9.60 215 450.022 0.25 0.21
101,9–91,8 218 181.67 476.2 9.89 218 182.6 0.26 0.23
111,11–101,10 223 445.71 483.0 10.9 223 446.323 0.42 0.26
110,11–100,10 227 532.36 481.8 11.0 227 533.724 0.72 0.27
112,10–102,9 232 109.57 494.3 10.6 232 110.07 0.62 0.24
118,3–108,2 233 299.54 670.3 5.18 233 300.125 0.32 0.048
118,4–108,3 233 299.54 670.3 5.18 4 ... ...
119,2–109,1 233 302.95 720.0 3.64 233 304.026 0.24 0.022
119,3–109,2 233 302.95 720.0 3.64 4 ... ...
117,4–107,3 233 308.80 626.3 6.55 233 310.211 0.33 0.091
117,5–107,4 233 308.80 626.3 6.55 4 ... ...
1110,1–1010,0 233 315.20 775.5 1.91 233 315.211 0.21 0.007
1110,1–1010,0 233 315.20 775.5 1.91 4 ... ...
116,6–106,5 233 338.17 588.3 7.73 233 340.219 0.19 0.15
116,5–106,4 233 338.17 588.3 7.73 4 ... ...
115,7–105,6 233 403.69 556.0 8.73 233 395.227 0.62 0.23
115,6–105,5 233 403.82 556.0 8.73 4 ... ...
114,8–104,7 233 541.37 529.7 9.55 233 545.328 0.53 0.16
114,7–104,6 233 552.01 529.7 9.55 233 552.710 0.40 0.16
113,9–103,8 233 700.50 509.2 10.2 233 701.4 0.52 0.20
113,8–103,7 234 110.23 509.2 10.2 234 112.311 0.61 0.21
112,9–102,8 237 623.00 495.2 10.6 15 ... ...
111,10–101,9 239 653.46 487.7 10.9 239 655.029 0.41 0.28
121,12–111,11 243 518.12 494.7 11.9 30 ... ...
120,12–110,11 247 327.32 493.6 12.0 247 327.7 0.40 0.30
122,11–112,10 252 990.99 506.4 11.7 252 991.210 0.72 0.27
129,3–119,2 254 519.63 732.2 5.25 31 ... ...
129,4–119,3 254 519.63 732.2 5.25 4 ... ...
128,4–118,3 254 520.26 682.5 6.67 4 ... ...
128,5–118,4 254 520.26 682.5 6.67 4 ... ...
1210,2–1110,1 254 529.91 787.7 3.67 10 ... ...
1210,3–1110,2 254 529.91 787.7 3.67 4 ... ...
127,5–117,4 254 536.75 638.6 7.92 32 ... ...
127,6–117,5 254 536.75 638.6 7.92 4 ... ...
127,5–117,4 254 536.75 638.6 7.92 32 ... ...
1211,1–1111,0 254 548.28 849.1 1.92 32 ... ...
1211,2–1111,1 254 548.28 849.1 1.92 4 ... ...
126,7–116,6 254 578.76 600.5 9.00 32 ... ...
126,6–116,5 254 578.76 600.5 9.00 4 ... ...
125,8–115,7 254 667.08 568.3 9.92 6 ... ...
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Table 2. continued.

Transition Rest Eu S i j Observed Observed Modelled
JKa ,Kc freq. (MHz) (K) freq. (MHz) TMB (K) TMB (K)
125,7–115,6 254 667.39 568.3 9.92 4 ... ...
124,9–114,8 254 845.87 541.9 10.7 33 ... ...
124,8–114,7 254 865.75 541.9 10.7 254 866.2 0.28 0.18
123,10–113,9 255 010.36 521.4 11.2 255 011.4 0.30 0.23
123,9–113,8 255 642.37 521.4 11.2 34 ... ...
122,10–112,9 259 878.29 507.6 11.7 28 ... ...
121,11–111,10 261 010.66 500.3 11.9 261 010.210 0.54 0.31
131,13–121,12 263 544.02 507.3 12.9 35 ... ...
130,13–120,12 267 010.81 506.4 12.9 267 012.1 0.40 0.33
132,12–122,11 273 816.96 519.5 12.7 273 817.1 0.48 0.30
139,4–129,3 275 738.22 745.4 6.77 15 ... ...
139,5–129,4 275 738.22 745.4 6.77 4 ... ...
138,5–128,4 275 744.01 695.7 8.08 15 ... ...
138,6–128,5 275 744.01 695.7 8.08 4 ... ...
1310,3–1210,2 275 745.71 801.0 5.31 15 ... ...
1310,4–1210,3 275 745.71 801.0 5.31 4 ... ...
1311,2–1211,1 275 762.94 862.3 3.69 36 ... ...
1311,3–1211,2 275 762.94 862.3 3.69 4 ... ...
137,6–127,5 275 769.39 651.8 9.23 37 ... ...
137,7–127,6 275 769.39 651.8 9.23 4 ... ...
1312,1–1212,0 275 787.77 929.4 1.92 37 ... ...
1312,2–1212,1 275 787.77 929.4 1.92 4 ... ...
136,8–126,7 275 826.65 613.7 10.2 38 ... ..
136,7–126,6 275 826.66 613.7 10.2 4 ... ...
135,9–125,8 275 942.13 581.5 11.1 275 942.1 0.27 0.29
135,8–125,7 275 942.78 581.5 11.1 4 ... ...
134,10–124,9 276 167.82 555.2 11.8 39 ... ...
134,9–124,8 276 203.04 555.2 11.8 40 ... ...
133,11–123,10 276 320.81 534.7 12.3 41 ... ...
133,10–123,9 277 258.54 534.8 12.3 277 259.9 0.34 0.26

modelled. Hence, we limited ourselves in Table 2 to those lines
that are practically free of blending or that only are affected by
other weak lines. Consequently, our observed main-beam tem-
peratures have to be considered as upper limits for these weakly
blended lines. The predicted intensities agree quite well with
the observations of 55 spectral lines detected, with 26 lines
practically free of blending with other species. All together
these observations ensure the detection of NH2CHO ν12 = 1
in Orion KL.

Figure 1 shows selected detected lines at 3, 2, and 1.3 mm,
together with our best model (see below). The figure shows
26 detected lines without blending with other species, which
support the first detection in space of NH2CHO ν12 = 1. The
overlaps with other species are quoted in Table 2.

Figure 2 shows emission lines of formamide in the ground
state present in our survey that are not strongly blended with
other species together with our best model (see next paragraphs).
To fit the emission lines of formamide (ground state and vibra-
tionally excited), we found that only the compact ridge (C.R.)
and the hot core (H.C.) components are needed to reproduce
the line profiles. Nevertheless, the peak velocity of the emis-
sion lines (ground and vibrationally excited state) corresponds
with the value associated with the compact ridge. For that rea-
son a radial velocity of 7.5 km s−1 (see parameters for the com-
pact ridge component quoted in Sect. 4.2) is assumed for the
observed frequencies given in Table 2 and Figs. 1 and 2. We

note that the line widths (for formamide in the ground state) vary
between 4 to 7 km s−1 from the lower frequencies (observed lines
more affected by the colder component of the compact ridge
with Δv � 4 km s−1) to the higher ones (at 1.3 mm the line
profiles show the contribution of the hot core component with
Δv � 15 km s−1; 7 km s−1 of line width is the result of the blend
of both components). Despite of either the weakness or heavy
blending of the observed lines attributed to vibrationally excited
formamide, the line widths of these features seem to agree with
those of formamide in the ground state.

We used an LTE approximation (the lack of collisional
rates for this molecule prevents a more detailed analysis).
Nevertheless, taking into account the physical conditions of
the considered component (see Sect. 4.2), we expect that this
approximation works reasonably well.

We assumed uniform physical conditions for the kinetic tem-
perature, density, radial velocity, and line width (see parameters
quoted in Sect. 4.2). We adopted these values from the data anal-
ysis (Gaussian fits and an attempt to simulate the line profiles for
several molecules with LTE and LVG codes in that line survey,
see Tercero et al. 2010, 2011a) as representative parameters for
the different cloud components. Our modelling technique also
took into account the size of each component and its offset po-
sition with respect to IRc2. Corrections for beam dilution were
applied to each line depending on their frequency. The only free
parameter is therefore the column density. Taking into account
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Fig. 1. Observed lines from Orion KL (histogram spectra in black, blue, and green for 3, 2 and 1.3 mm lines, respectively) and model (thin curves
in red) of NH2CHO ν12 = 1. A vLSR of 7.5 km s−1 is assumed.

the compact nature of the compact ridge and the hot core com-
ponents, the contribution from the error beam is negligible. In
addition to line opacity effects, we discussed other sources of un-
certainty in Tercero et al. (2010). For the column density results,
we estimated the uncertainty to be 25% for formamide in the
ground state and, owing to the weakness of the observed lines,
50% for NH2CHO ν12 = 1.

For both components we assumed a source size of 10′′ of di-
ameter with uniform brightness temperature and optical depth
over this size. The components are placed 7′′ and 2′′ from
the pointed position for the compact ridge and the hot core,

respectively. The column density results that reproduce the line
profiles better are shown in Table 3.

Figure 1 and Table 2 show the comparisons between model
and observations of vibrationally excited formamide lines. The
differences between the intensity of the model and the peak in-
tensity of the observed lines are mostly caused by the contribu-
tion of many other molecular species (the frequent overlap with
other lines makes it difficult to provide a good baseline for the
weak lines of vibationally excited formamide). Nevertheless, the
observed line intensity of isolated detected lines of NH2CHO
ν12 = 1 agrees with the model predictions.
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Fig. 2. Observed lines from Orion KL (histogram spectra in black) and model (thin curves in red) of NH2CHO in the ground state. A vLSR of
7.5 km s−1 is assumed.
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Table 3. Column density results.

Species NC.R. cm−2 NH.C. cm−2

NH2CHO (7 ± 2) × 1014 (6 ± 2) × 1014

NH2CHO ν12 = 1 (7 ± 4) × 1013 (6 ± 3) × 1013

Notes. Column density results for formamide.

4.4. Vibratonal temperatures

From the column density obtained for NH2CHO in the ground
and vibrationally excited state, we can estimate a vibrational
temperature taking into account that

exp
(
− Eνx

Tvib

)
fν

=
N(NH2CHO νx)

N(NH2CHO)
, (1)

where Eνx is the energy of the vibrational state (Eν12 = 415.5 K,
Tvib is the vibrational temperature, fν is the vibrational parti-
tion function, N(NH2CHO νx) is the column density of the vi-
brational state, and N(NH2CHO) is the column density of for-
mamide in the ground state. The vibrational partition function
can be approximated by

fν = 1 + exp

(
− Eν3

Tvib

)

+ 2 exp

(
− Eν2

Tvib

)
+ exp

(
− Eν1

Tvib

)
, (2)

which, for low Tvib leads to fν � 1.
From the observed lines, we obtain Tvib = 180±90 K in both

components. This value is the averaged kinetic temperature we
adopted in our model: 110 and 250 K for the C.R. and the H.C.,
respectively. Hence, the LTE approximation can be considered a
reasonable assumption.

A direct comparison of the derived Tvib for NH2CHO with
the average Tk assumed for the gas is difficult. Vibrational exci-
tation is expected to depend strongly on temperature and density
gradients in that region. It is also difficult to ascertain if either IR
dust photons or molecular collisions dominate the vibrational
excitation of NH2CHO given the lack of collision rates for that
species.

Nevertheless, since the vibrationally excited gas is not neces-
sarily spatially coincident with the ground state gas, the derived
vibrational temperatures have to be considered as lower limits.

5. Conclusions

We measured the rotational spectrum of formamide in the
400–950 GHz frequency range. The analysis was performed on
the ground states of the parent and 13C species as well as on the
ν12 = 1 excited vibrational state of the parent isotopologue of
the molecule. Several tests performed in this study showed that
both A- and S-reductions can be used for the analysis of the rota-
tional spectra of formamide. A reliable set of obtained rotational
parameters allows an accurate calculation of transition frequen-
cies of formamide up to 1.5 THz for NH2CHO and up to 1 THz
for NH13

2 CHO.
Based on improved predictions available from the spectro-

scopic studies 55, spectral features that correspond to the ν12 = 1
state of formamide were detected for the first time in the line
survey of Orion KL with the IRAM 30-m telescope. The de-
rived vibrational temperature indicates that LTE is a reasonable
assumption in this case.
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Appendix A: Results of ab initio calculations
on formamide

Table A.1. Ab initio rotational parameters for formamide (from the
B3LYP/6+311+G(3df,2pd) calculation).

Parameter Value Tgg/Bg
A (MHz) 73 818.88
B (MHz) 11 393.02
C (MHz) 9869.75
Taa (kHz) –1369.8 −7.5 × 10−5

Tbb (kHz) –10.916 −3.9 × 10−6

Tcc (kHz) –4.732 −1.9 × 10−6

Tab (kHz) 31.187
Tac (kHz) 27.362
Tbc (kHz) 6.957
2R5 (kHz) 3.458
R6 (kHz) –0.0108
sA

111 2.9 × 10−7

sS
111 2.8 × 10−8

Notes. Parameters R5, R6, sA
111, sS

111 are calulated in Ir coordinate
representation.
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