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Abstract

We present the results of ammonia observations toward the center of NGC 3079.

The NH3(J,K) = (1,1) and (2,2) inversion lines were detected in absorption with

the Tsukuba 32-m telescope, and the NH3(1,1) through (6,6) lines with the VLA,

although the profile of NH3(3,3) was in emission in contrast to the other transitions.

The background continuum source, whose flux density was ∼ 50 mJy, could not be

resolved with the VLA beam of <∼ 0.′′09× 0.′′08. All ammonia absorption lines have

two distinct velocity components: one is at the systemic velocity and the other is

blueshifted, and both components are aligned along the nuclear jets. For the sys-

temic components, the relatively low temperature gas is extended more than the high

temperature gas. The blueshifted NH3(3,3) emission can be regarded as ammonia

masers associated with shocks by strong winds probably from newly formed mas-

sive stars or supernova explosions in dense clouds in the nuclear megamaser disk.

Using para-NH3(1,1), (2,2), (4,4) and (5,5) lines with VLA, we derived the rota-

tional temperature Trot = 120±12 K and 157±19 K for the systemic and blueshifted

components, respectively. The total column densities of NH3(0,0)–(6,6), assuming

Tex≈Trot, were (8.85±0.70)×1016 cm−2 and (4.47±0.78)×1016 cm−2 for the systemic

and blueshifted components, respectively. The fractional abundance of NH3 relative

to molecular hydrogen H2 for the systemic and blueshifted was [NH3]/[H2]=1.3×10−7
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and 6.5×10−8, respectively. We also found the F = 4–4 and F = 5–5 doublet lines of

OH 2Π3/2 J = 9/2 in absorption, which could be fitted by two velocity components,

systemic and redshifted components. The rotational temperature of OH was esti-

mated to be Trot,OH ≥ 175 K, tracing hot gas associated with the interaction of the

fast nuclear outflow with dense molecular material around the nucleus.

Key words: radio lines: galaxies — radio lines: ISM — galaxies: ISM — galaxies:

individual (NGC 3079)

1. Introduction

Galactic winds influence galaxy evolution because they play an important role in the

cycle of material transport in the galaxy. The winds are driven by supernovae and/or AGNs.

One of the clearest examples of a superwind is the prominent bubble emerging from the nucleus

(e.g., Duric et al. 1988) of the edge-on (i = 84◦; Irwin & Seaquist 1991) disk galaxy NGC 3079

(figure 1) at a distance of 19.7 Mpc (Springob et al. 2009). NGC 3079 is classified as a LINER

(Heckman 1980) or Seyfert 2 galaxy (Ford et al. 1986). Optical spectroscopy showed gas motions

with high velocity across the lobes and unusually the high [N II]/H α line ratio which indicates

the presence of shocks (Veilleux et al. 1994). Cecil et al. (2001) explained the morphology and

kinematics of gas in NGC 3079 by a model of a starburst-driven wind. Yamagishi et al. (2010),

however, reported a relatively low star formation rate of 2.6 M fu yr−1 for the central 4-kpc region

of the galaxy from infrared observations with the AKARI satellite. Duric et al. (1988) proposed

an alternative model in which an AGN-driven wind from the nucleus was directed toward the

galaxy minor axis by interactions with dense gas surrounding the nucleus. The interactions

cause shocks that explain the observed strength of H2 ν = 1–0 S(1) emission by collisional

excitation (Hawarden et al. 1995; Meaburn et al. 1998) and heat dust to a temperature of

∼ 1000 K (Israel et al. 1998), although the contribution of the jets from the AGN to the Hα

flux of the lobes is ∼ 10% (Cecil et al. 2001).

Investigations of the physical properties of molecular gas around the nucleus are helpful

to understand the nuclear power source of NGC 3079. The molecular gas is abundant in the

central region (Sofue & Irwin 1992; Irwin & Sofue 1992; Sofue et al. 2001; Koda et al. 2002)

and the dense gas concentrates toward the center (Kohno et al. 2001). The concentration can

be explained by gas inflow toward the center as a result of the removal of the gas angular mo-

mentum with bar potential (e.g., Nishiyama et al. 2001), where the bar structure in NGC 3079
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† Present Address: NEC Aerospace Systems, Ltd., 1-10, Nissin-cho, Fuchu, Tokyo, 183-8501
‡ Present Address: Institute of Astronomy, School of Science, University of Tokyo, Osawa 2-21-1, Mitaka,

Tokyo, 181-0015
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Table 1. Parameters of NGC 3079

Parameter Value Reference

R.A. (J2000.0) 10h01m57.s803 1

Decl. (J2000.0) +55◦40′47.′′24

Distance 19.7 Mpc 2

Morphological type SB(s)c edge-on 3

Nuclear Activity LINER / Seyfert 2 4, 5

Systemic Velocity (LSR) 1116 km s−1 6

References. — (1) Petrov & Taylor 2011; (2) Springob et al. 2009;

(3) de Vaucouleurs et al. 1991; (4) Heckman 1980; (5) Ford et al.

1986; (6) Irwin & Seaquist 1991

has been resolved clearly in the velocity domain (Koda et al. 2002).

Ammonia (NH3) is a useful thermometer (e.g., Walmsley & Ungerechts 1983; Danby

et al. 1988) for relatively dense molecular gas (nH2 ∼ 103−4 cm−3). NH3 has a symmetrical

top structure which shows inversion doublets caused by the nitrogen atom tunneling through

the potential barrier at the plane of three hydrogen atoms. The allowed dipole transitions of

NH3 are ∆J = ±1 and ∆K = 0, because the dipole moment corresponds to the symmetry axis

of the molecule. The non-metastable levels [J,K (̸= J)] decay rapidly (Einstein A-coefficients

∼ 10−1 s−1) via the far-infrared ∆J = 1 transitions, and the radiative ∆K =±3 transitions are

very slow (A∼ 10−9 s−1; Oka et al. 1971), hence the metastable [J,K(=J)] levels (A∼ 10−7 s−1)

are populated. The relative populations of the metastable levels are mainly determined by

collisions and thus follow the Boltzmann distribution. The rotational temperature can be

derived from the ratio of column densities of the metastable levels. The adjacent inversion lines

in frequency (see subsection 2.1) allow us to measure the lines simultaneously with the same

telescope and receiver and thus to evaluate the line ratios accurately owing to the similar beam

sizes, same telescope pointing and atmospheric conditions.

In this paper we report the detections of NH3 (plus highly excited OH) lines toward

the center of NGC 3079. We derive their rotational temperatures and estimate the NH3 col-

umn density and the abundance under high temperature. The basic parameters of NGC 3079

adopted in this paper are summarized in table 1. Velocities used here are in the radio definition

and with respect to the local standard of rest (LSR).

2. Observations

2.1. Tsukuba 32-m

Observations of ammonia toward the center of NGC 3079 were made in March and April

2008 with the Tsukuba 32-m telescope of the Geospatial Information Authority of Japan. The
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Fig. 1. Optical image of NGC 3079. (a) HST WFPC2 image of [N II] and H α line emissions, obtained
from the HST data archive. The dashed lines represent the beam size of ammonia observations with the
Tsukuba 32-m (HPBW= 93′′.) (b) Enlargement of the central region in (a). The region marked by the
solid box corresponds to the frame of figure 4.

full half-power beam width was HPBW= 93′′ ± 6′′ at 24 GHz, corresponding to 8.9 kpc at the

distance of the galaxy (19.7 Mpc). The main beam efficiency of the antenna ηmb was measured,

using Jupiter whose brightness temperature was adopted to be Tb = 138±7 K at λ = 1.3 cm (de

Pater et al. 2005), and depended on the elevation of the antenna with the maximum value of

ηmb =0.44±0.02 at EL=38◦ at 24 GHz. The aperture efficiency was maximumly ηa =0.37±0.01

at EL = 38◦, calculated from the main beam efficiency and the beam size, and confirmed by

observing 3C 286. The sensitivity of the antenna was S/T ∗
A = 9.28 Jy K−1 at 24 GHz, where S

is the flux density and T ∗
A the antenna temperature.

The receiver front-end utilized a HEMT amplifier cooled to 11 K, equipped with a

circular polarized feed. Its frequency coverage was 19.5–25.1 GHz. The receiver back-end was

a 16384-channels FFT spectrometer. The total bandwidth and frequency resolution of the

spectrometer were about 1.0 GHz and 55 kHz, which corresponded to 1.3× 104 km s−1 and

0.69 km s−1 at 24 GHz, respectively. The bandwidth allowed us to observe four inversion

transitions of ammonia, (J,K) = (1,1)–(4,4), simultaneously (see table 2).

The line intensity was calibrated by the chopper wheel method, yielding an antenna
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temperature, T ∗
A, corrected for both atmospheric and antenna ohmic losses (Ulich & Haas

1976). The typical system noise temperatures during the observations were 80-120 K (SSB)

in T ∗
A at observing elevations. The main beam brightness temperature, Tmb(≡ T ∗

A/ηmb), was

converted from T ∗
A using the main beam efficiency of the antenna at each observing elevation.

The observations were made by position-switching with an integration time of 10 s per scan.

The telescope pointing was checked every 1 hr by observing H2O maser of the Mira-type variable

star R UMa, and the resultant pointing error was about 10′′–20′′.

The spectral data were reduced with the NEWSTAR software which was developed at

the Nobeyama Radio Observatory1(NRO). The spectra were flagged and averaged after linear

baseline subtraction, resulting in total observing time (ON source) was about 10.5 hours. All

of the averaged spectra were bound up every 64 channels to reduce the noise level, resulting in

a frequency resolution of 3.6 MHz or a velocity resolution of 45 km s−1 at 24 GHz.

2.2. VLA

Observations of ammonia in NGC 3079 were carried out with the A-configuration

of the Karl G. Jansky Very Large Array (VLA) of the National Radio Astronomy

Observatory2(NRAO) of USA over a period from October 2012 through January 2013. The

K-band receivers and the new WIDAR correlators were used for the dual-polarization. The

correlator in each polarization was composed of 8 subbands whose bandwidth and frequency

resolution were 128 MHz and 1 MHz, respectively, and thus the total bandwidth was 1024 MHz.

The total bandwidth allowed us to observe NH3(J,K) = (1,1)–(3,3) simultaneously in the fre-

quency band centered on 23.525 GHz and later (J,K) = (4,4)–(6,6) centered on 24.590 GHz.

The different UV coverages for the low and high frequency setting resulted in the different sizes

of the synthesized beams (table 2). Observing time was 5 hrs for each frequency band, and

totally 10 hrs. Antenna pointing was checked every 60 min by observing J0958+6533 with the

X-band receiver, and the flux density at the K-band was calibrated by 3C 147. We tracked

J0958+6533 every 2.5 min to calibrate time variations of amplitude and phase. The data were

also used to determine the bandpass.

The observed data were processed using the Common Astronomy Software Applications

(CASA; McMullin et al. 2007). The data obtained at different observing tracks were combined

after subtracting continuum emission determined at the absorption-free channels and rearrang-

ing the velocity resolution to be 15 km s−1 and the velocity range to be 550–1750 km s−1. To

image the continuum emission, we used the flux density at the absorption-free channels. The

imaging was performed with the CLEAN-algorithm in CASA. CLEAN maps were obtained

1 The Nobeyama Radio Observatory is a branch of the National Astronomical observatory of Japan, National
Institute of Natural Sciences.

2 The National Radio Astronomy Observatory is a facility of the National Science Foundation operated under
cooperative agreement by Associated Universities, Inc.
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Table 2. Observational parameters with the VLA

Transitions Frequency (GHz) Beam Size (arcsec)∗

NH3(2,1) 23.098819 0.083× 0.077

NH3(1,1) 23.694506 0.083× 0.077

NH3(2,2) 23.722634 0.083× 0.077

NH3(3,3) 23.870130 0.083× 0.077

NH3(4,4) 24.139417 0.091× 0.071

NH3(5,5) 24.532989 0.089× 0.069

NH3(6,6) 25.056025 0.087× 0.067

OH 2Π2/3J = 9/2 F = 4− 4 23.8176153 0.083× 0.077

OH 2Π2/3J = 9/2 F = 5− 5 23.8266211 0.083× 0.077

∗ 0.′′08 corresponds to 7.6 pc at the distance of NGC 3079.

considering the briggs weighting mode on the data with robust of 0.5. The resultant maps are

300× 300 pixels with 0.′′01 per pixel. The synthesized beams are given in table 2.

3. Results

3.1. Tsukuba 32-m

Absorption lines of NH3 (J,K) = (1,1) and (2,2) toward the center of NGC 3079 were

detected with the Tsukuba 32-m telescope (figure 2). The two lines are so broad that they

overlap each other for the rest frequency difference of 28.1 MHz corresponding to the velocity

difference ∆V = 356 km s−1. To separate the spectrum into NH3(1,1) and (2,2) components,

we adopt a double Gaussian fitting function,

F (v) = Tmb,11 exp
−(v−VLSR,11)

2

2σ2
11

+ Tmb,22 exp
−(v−VLSR,22 −∆V )2

2σ2
22

, (1)

where v is VLSR in figure 2, Tmb,11 and Tmb,22 the main-beam brightness temperature, VLSR,11

and VLSR,22 the velocity relative to the local standard of rest (LSR), and σ11 and σ22 the

velocity dispersion of NH3(1, 1) and (2, 2), respectively. Figure 2 shows the result of least-

square fitting of the function F (v) to the observed spectrum, where the green, blue, and red

lines show NH3(1,1), (2,2), and the combination of them, respectively. Table 3 gives the fitting

parameters of the main-beam brightness temperatures (Tmb), the velocities (VLSR), and the

full-width at half-maximum (∆v1/2 =
√

8ln2σ). The velocities, VLSR = 1113± 83 km s−1 for

NH3(1,1) and 1122± 38 km s−1 for NH3(2,2) are consistent with the systemic velocity of the

galaxy Vsys = 1116± 1 km s−1 (Irwin & Seaquist 1991), within the errors. NH3(3,3) line is

undetected at the noise level of ∆Tmb ∼ 1.39 mK as observations with the GBT (Mangum et al.

2013). In addition, the noise level of ∆Tmb ∼ 1.23 mK is not low enough to detect an absorption
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(a)

(b)

(c)

Fig. 2. Continuum-subtracted spectra of NH3 toward the central region of NGC 3079 with the Tsukuba
32-m. The velocities VLSR are with respect to the rest frequencies of NH3(1,1), NH3(3,3), and NH3(4,4)
in figure (a), (b), and (c), respectively.

Table 3. The fitted parameters

Transitions Tmb (mK) Vsys (km s−1) ∆v1/2 (km s−1)

NH3(1,1) −1.43± 0.45 1113± 83 504± 167

NH3(2,2) −3.31± 0.47 1122± 38 499± 75

line of NH3(4,4) whose intensity is expected to be comparable to that of NH3(1,1).

The peak flux densities for NH3(1,1) and NH3(2,2) are derived to be −5.7±1.8 mJy and

−13.2± 2.0 mJy, respectively, from the conversion of S/T ∗
A in section 2.1. These flux densities

are lower than those with the GBT (−18.5 mJy and −22.6 mJy for NH3(1,1) and NH3(2,2),

respectively; Mangum et al. 2013). Since the beam sizes (HPBW ≈ 93′′) of the Tsukuba 32-m

is larger than those (HPBW ≈ 30′′) of GBT, the difference may be caused (1) by the beam

dilution of the absorption lines, and (2) by contamination from emission in the galactic disk

because the molecular gas is extended over the radius of r ∼ 70′′ (Braine et al. 1997) while it is

expected that the continuum source is over r∼15′′ (e.g., Duric et al. 1988). We, however, should

mention the possibility that the spectra for the Tsukuba 32-m are affected by instrumental and

atmospheric instabilities that lead to poor spectral baselines and uncertain line profiles.
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3.2. VLA

3.2.1. Continuum Emission

We detected an unresolved continuum source (contours in figure 4) with the resolution

of ≤ 0.′′09× 0.′′08 (beam size in table 2), corresponding to 8.6× 7.6 pc, at R.A. (J2000.0)=

10h01m57.s803, Decl. (J2000.0)= 55◦40′47.′′25, which was the same as the position measured

with VLBI at 5 GHz, R.A. (J2000.0)= 10h01m57.s8034, Decl. (J2000.0)= 55◦40′47.′′243 (Petrov

& Taylor 2011). The measured flux density of about 50 mJy (table 4) is smaller than the value

of ∼ 80 mJy at λ ∼ 1.2 cm expected from the flux density of 65 mJy at 4866 MHz and the

spectrum index of α = +0.15 (where Sν ∝ να) determined from the ratio of 1465 and 4866 MHz

flux densities with the angular resolution of ∼ 1′′ (Duric et al. 1988), and than the value of

174 mJy at λ∼1.2 cm measured with the beam size of ∼30′′ by the GBT (Mangum et al. 2013).

On the other hand, within a 0.′′015 radius from the center, some distinct continuum sources

were identified with VLBI, and the total flux density was 38±5 mJy at λ∼ 1.3 cm [components

A, B, C and E in Yamauchi et al. (2004)]. Considering these results and the detectable largest

angular scale of ∼ 2′′ by the VLA, it is indicated that there are continuum sources extended to

more than r ∼ 1′′.

3.2.2. Ammonia Inversion Lines

Figure 3 shows the spectra measured with the VLA. The six ammonia inversion lines,

NH3(1,1) to (6,6), are detected in absorption against the continuum source, although the profile

of the NH3(3,3) line is anomalous. The spectra of NH3(1,1) and (2,2) do not overlap each other,

rather clearly separate in velocity owing to narrower velocity widths, unlike the result of the

32-m (figure 2). This could be because VLA, with synthesized beam size ≈ 0.′′08 and detectable

largest angular scale ∼ 2′′, observed much smaller regions than the 32-m (beam sizes ≈ 93′′)

did and thus did not detect components broad in space and velocity (e.g., the rotation velocity

of the galactic disk is ∼ 260–300 km s−1 at r >∼ 1′′; Sofue et al. 2001). In figure 3, all the

metastable NH3 absorption lines show two distinct velocity components: one is at the systemic

velocity (VLSR ∼ 1116 km s−1) and the other is blueshifted (VLSR ∼ 1020 km s−1). We fitted

Gaussian profiles to the observed absorption lines. Table 4 gives the resultant parameters of

the flux densities (S), the velocities (VLSR), and the optical depths (τ , see equation (2)) at the

absorption peak, the line widths (∆v1/2) and the optical depths integrated over the line profiles

(
∫

τdv) for the systemic and blueshifted components.

Figure 4 shows the distribution of the intensities of the NH3(1,1), (2,2), (4,4), (5,5), and

(6,6) lines integrated at VLSR ≈ 835–1180 km s−1, including both the systemic and blueshifted

components, and of the intensity of the NH3(3,3) absorption line integrated at VLSR =1045–

1165 km s−1. The figure indicates that there is abundant molecular gas in front of the nuclear

radio continuum source, although the distribution could not be resolved with the spatial reso-

lution of <∼ 9 pc (but see section 4.4 for more detail discussion).

The absolute flux densities of NH3(1, 1)–(6, 6) absorption lines except NH3(3, 3) are
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about half of those with the GBT whose beam size is HPBW ≈ 30′′ (Mangum et al. 2013).

For the systemic components, the ratio of the flux densities with GBT to VLA decreases with

the excitation level (table 5). This indicates that the relatively low temperature gas is more

extended than the high temperature gas. In contrast, for the blueshifted components, the flux

density ratio increases at the higher transitions of NH3(4,4) and (5,5).

At the blueshifted velocity, the NH3(3,3) line shows a conspicuous spectrum which is not

absorption but emission in contrast to the other NH3 transition (figure 5). H(81)β and He(81)β

recombination lines, whose frequencies are close to NH3(3,3) (table 6), may also explain the

emission features. However, the emissions in the next transition, i.e., H(80)β and He(80)β, were

not detected (figure 5). We therefore focus on NH3(3,3) maser as the most likely candidate of

the emission features and discuss in more detail in subsection 4.1.

3.2.3. OH 2Π2/3J = 9/2 Absorption Lines

We also found a wide absorption line with the width of ∆v1/2
>∼ 290 km s−1 (figure 7)

in the correlator subband which covered frequencies from 23.781 to 23.909 GHz, including the

NH3(3,3) line. Considering the systemic velocity of NGC 3079 (Vsys =1116 km s−1), the F =4–4

and F = 5–5 doublet lines of OH 2Π3/2 J = 9/2 and the HC9N (J = 41–40) whose rest frequency

of 23.8176153, 23.8266211 and 23.822265 GHz3, respectively, are appropriate candidates for the

absorption line. We, however, ruled out HC9N (J =41–40) because no absorption feature of the

HC9N (J = 40–39) transition (rest frequency, 23.241246 GHz) was confirmed in our VLA data.

On the other hand, detections of the absorption lines at the ground state of OH 2Π3/2J = 3/2

(rest frequencies, 1665- and 1667-MHz) toward the center of NGC 3079 have been reported

(e.g., Hagiwara et al. 2004). So far the absorption lines at the 2Π3/2 J = 9/2 state (excitation

level of 511 K above the ground state, Walmsley et al. 1986) have been found toward some

compact H II regions in the Galaxy (e.g., Winnberg et al. 1978; Baudry et al. 1981; Walmsley

et al. 1986) and toward the center of Arp 220 (Ott et al. 2011). We therefore deduce that the

absorption is caused by OH 2Π3/2 J = 9/2 F = 4–4 and F = 5–5.

Figure 6 (right) shows the OH intensity map integrated at VLSR = 790–1375 km s−1 with

respect to the rest frequency of OH 2Π3/2 J = 9/2 F = 4–4. The structure cannot be resolved

with the angular resolution of 0.′′083×0.′′077. The F =4–4 and F =5–5 doublet lines are spaced

by 113 km s−1, corresponding to the velocity separation between the dips in the wide spectrum,

e.g., the components at Vsys ∼ 1200 km s−1 and ∼ 1310 km s−1 in figure 7. Assuming that each

doublet line has same velocity components, the wide absorption features can be fitted by two

velocity components, V(OH,sys) =1085±4 km s−1 and V(OH,red) =1302±2 km s−1 (table 7). These

velocity components are different from the velocities at the ground state of OH 2Π3/2J = 3/2

(1011.9± 0.9 km s−1 and 1113.5± 2.0 km s−1; Hagiwara et al. 2004) and NH3, not showing

the blueshifted components but the redshift. Although H I absorption toward the nucleus has

3 F. J. Lovas et al., NIST Recommended Rest Frequencies for Observed Interstellar Molecular Microwave
Transitions (http://physics.nist.gov/cgi-bin/micro/table5/start.pl).
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Table 4. NH3 parameters

Transitions S∗ VLSR
∗ ∆v1/2 τ∗ ∫

τdv Scont

(mJy) (km s−1) (km s−1) (km s−1) (mJy)

NH3 Systemic Components

(1,1) −8.15± 0.22 1117± 1 43± 1 0.176± 0.005 8.01± 0.35 50.62± 0.22

(2,2) −10.28± 0.38 1117± 1 39± 2 0.227± 0.010 9.38± 0.59 50.62± 0.30

(3,3) −1.23± 0.38 1133± 4 36± 7 0.025± 0.008 0.66± 0.30 49.99± 0.28

(4,4) −9.18± 0.31 1116± 1 35± 1 0.194± 0.007 7.30± 0.41 52.08± 0.42

(5,5) −7.34± 0.28 1116± 1 31± 2 0.158± 0.007 5.29± 0.34 50.10± 0.39

(6,6) −10.00± 0.36 1117± 1 36± 2 0.228± 0.010 8.69± 0.54 49.09± 0.47

Blueshifted Components

(1,1) −1.75± 0.18 1017± 3 65± 8 0.035± 0.004 2.43± 0.40

(2,2) −2.34± 0.27 1023± 5 84± 14 0.047± 0.006 4.25± 0.88

(3,3) 1.54± 0.45 953± 16 165± 40 ... ...

(4,4) −1.60± 0.20 1015± 6 95± 20 0.031± 0.004 3.14± 0.77

(5,5) −1.23± 0.15 1009± 10 122± 34 0.025± 0.003 3.23± 0.99

(6,6) −2.07± 0.24 1021± 5 87± 15 0.043± 0.005 4.00± 0.85

∗ Values at the absorption peak after Gaussian fitting.

the redshifted component (Sawada-Satoh et al. 2001), the velocity of VLSR = 1238± 3 km s−1

and the line width of ∆v1/2 = 32± 6 km s−1 are inconsistent with those of OH 2Π3/2 J = 9/2.

The highly excited OH line (energy level = 511 K) therefore traces hot gas with the anomalous

dynamics in the central region, which may be associated with the hot dust (Td ∼ 1000 K;

Israel et al. 1998) heated by the interaction of the fast nuclear outflow with dense and dusty

molecular material around the nucleus (e.g., Hawarden et al. 1995; Meaburn et al. 1998). In

addition, the wide line widths in OH 2Π3/2 J =9/2 might be caused by summing many different

velocity components around the center, whose distributions are unresolved with the beam size

of ∼ 0.08′′. The merged spectra could lead to the widely different ratios of the optical depth

of the systemic components to redshifted, e.g., 1.12 for F = 4− 4 and 0.34 for F = 5− 5. To

investigate the line ratio in more detail, observations with higher angular resolution enough to

resolve the distribution of the OH 2Π3/2 J = 9/2 lines would be needed.
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Table 5. The observed flux densities of NH3 (1,1)−(6,6) and 24-GHz continuum with VLA (this work) and GBT. Values

in parentheses are standard deviations.

NH3

Telescope (1,1) (2,2) (3,3) (4,4) (5,5) (6,6) Continuum

Systemic Components (mJy) (mJy)

VLA −8.15(0.22) −10.28(0.38) −1.23(0.38) −9.18(0.31) −7.34(0.28) −10.00(0.36) 50

GBT∗ −18.51(0.64) −22.55(0.59) ... −19.47(0.69) −11.97(0.69) −13.67(0.96) 174

|SGBT/SVLA| 2.27(0.10) 2.19(0.10) ... 2.12(0.10) 1.63(0.11) 1.37(0.11) 3.5

Blueshifted Components (mJy)

VLA −1.75(0.18) −2.34(0.27) 1.54(0.45) −1.60(0.20) −1.23(0.15) −2.07(0.24)

GBT∗ −3.40(0.64) −4.26(0.59) ... −3.46(0.69) −2.45(0.69) −1.33(0.96)

|SGBT/SVLA| 1.95(0.42) 1.82(0.33) ... 2.16(0.51) 1.99(0.61) 0.64(0.47)

∗ GBT data are from Mangum et al. (2013).

Table 6. The emission lines close to NH3(3,3)

Transitions Rest frequency (GHz) ∆V (km s−1)∗

H(81)β 23.86086 117

NH3(3,3) 23.87013 —

He(81)β 23.87059 −6

Emission velocity range (km s−1)†

NH3(3,3) 23.87013 835–1045

H(80)β 24.75574 ≅ 718–928

He(80)β 24.76583 ≅ 841–1051

∗ Velocity difference relative to the rest frequency of NH3(3,3).

† Estimated velocity range in H(80)β and He(80)β in case that the emission

features in figure 5 are caused by H(81)β and He(81)β, respectively.
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Fig. 3. Continuum-subtracted NH3 lines at the center of NGC 3079 with the VLA. The spectra of
NH3(J,K) = (1,1), (2,2), (3,3), (4,4), (5,5), and (6,6) from bottom to top. Gaussian fits to the lines are
overlaid with dotted lines.
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Fig. 4. The continuum map (contours) extracted from the absorption-free regions in band is superposed
on the integrated intensity map of NH3(1,1) to (6,6) absorption lines (color). The integrated velocity
ranges of NH3(1,1), (2,2), (4,4), (5,5) and (6,6) lines are VLSR = 835–1180 km s−1, and that of NH3(3,3)
is VLSR = 1045–1165 km s−1. The contours are plotted at 10, 20, 30 and 40 mJy beam−1. The synthesized
beam is plotted at the lower left corner.
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Table 7. OH parameters

Transitions S∗ VLSR
∗ ∆v1/2 τ∗ ∫

τdv Scont(rms noise)

(mJy) (km s−1) (km s−1) (km s−1) (mJy)

OH 2Π2/3J = 9/2 Systemic Components

F = 4− 4 −2.23± 0.16 1085± 4 98± 8 0.046± 0.003 4.75± 0.53 49.99 (0.28)

F = 5− 5 −1.25± 0.10 193± 19 0.025± 0.002 5.21± 0.67

Refshifted Components

F = 4− 4 −2.00± 0.14 1302± 2 62± 6 0.041± 0.003 2.68± 0.34

F = 5− 5 −3.51± 0.14 107± 7 0.073± 0.003 8.31± 0.64

∗Values at the absorption peak after Gaussian fitting.

Fig. 5. Enlargement of the NH3(3,3) spectrum in figure 3, and H(80)β and He(80)β spectra for com-
parison are shown. If the emission line in the frame of NH3(3,3) is attributed to the H(81)β or He(81)β
line, the H(80)β or He(80)β line should be appeared in the range shown by the horizontal arrows, but no
significant emission can be seen, indicating that the emission at VLSR ≈ 830–1050 km s−1 is not H(81)β
and He(81)β but NH3(3,3).
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Fig. 6. The integrated intensity map of the blueshifted features of NH3(3, 3) (left) and the
OH 2Π3/2 J = 9/2 absorption line (right). The continuum map (contours) is the same as that of the
systemic features of NH3(3,3) in figure 4.

Fig. 7. The absorption spectrum of OH 2Π3/2J =9/2. Gaussian fits to the lines are overlaid. The velocity
is referenced to ν = 23.8176153 of OH 2Π3/2J = 9/2 F = 4− 4.

4. Discussion

4.1. The possibility of NH3(3,3) maser

It has been reported that distributions of NH3(3, 3) masers and H2O masers in the

massive star forming regions are associated each other, because the NH3(3,3) masers are formed

by shocks due to the interaction of molecular outflows with the ambient gas in, e.g., NGC 6334

(Kraemer & Jackson 1995), DR21 (Zhang & Ho 1995). VLBI observations of H2O maser toward

the center of NGC 3079 also strongly support the possibility of the NH3 maser. Yamauchi et al.

(2004) found exceptionally strong blueshifted H2O maser features at the nearly same velocities

of VLSR ≈ 900–1050 km s−1 as our blueshifted components, showing peculiar motion (LSM1

and LSM2 in their paper) that does not follow the rotation of the nuclear maser disk. The

velocity and spatial distributions of the maser spots suggested two expanding partial shells in
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the massive and geometrically thick maser disk and located at about 7 mas (0.7 pc; LSM2) and

13 mas (1.2 pc; LSM1) from the nucleus, being probably formed by local shock related to star

formation (Yamauchi et al. 2004). These results strongly suggest that the emission features

of NH3(3,3) are caused by the NH3(3,3) maser associated with shocks by winds from newly

formed massive stars or supernova explosions in extremely dense clouds in the nuclear region

of NGC 3079, although the distribution of the NH3(3,3) maser is unresolved with the angular

resolution of ∼ 0.′′1 [see figure 6 (left)]. The blueshifted absorption features of NH3(1,1), (2,2)

and (4.4)–(6,6) at the same velocities could be also caused by the dense molecular gas in the

nuclear H2O maser disk.

Absorption features of para-NH3 have been found in IC 860, NGC 253, NGC 660,

NGC 3079 and Arp 220 (Mangum et al. 2013; Ott et al. 2005; Takano et al. 2005; Ott et

al. 2011), while maser emission of NH3(3,3) has been detected only in NGC 253 and NGC 3079

(Ott et al. 2005; Mangum et al. 2013). Ott et al. (2005) speculated that the maser emission in

NGC 253 was associated with the star forming region. Measurements of the brightness temper-

ature and distribution of the emission with VLBI could determine if the emission of NH3(3,3)

is masers associated with star formation.

4.2. Rotational Temperatures of NH3

In the case of an absorption line, the optical depth can be derived from the brightness

temperature of the line (TL) relative to the measured brightness temperature of the background

continuum T ′
C(= fCTC) as below (e.g., Hüttemeister et al. 1993; Ott et al. 2011),

τ = − ln

(
1− |TL|

T ′
C

)
, (2)

where TC is the continuum brightness temperature and fC the beam filling factor of the contin-

uum source whose individual emitting regions are small as shown with VLBI (e.g., Trotter et

al. 1998; Yamauchi et al. 2004) and thus which is assumed to be fully covered by the molecular

gas. The resultant peak optical depths of NH3 and OH are given in table 4 and 7, respectively.

Using the optical depth, the NH3 column density divided by the excitation temperature (Tex)

for the inversion doublet can be expressed by

N(J,K)

Tex

= 1.65× 1014 J(J + 1)

K2ν
τ∆v1/2 [cm−2K−1], (3)

as in Mauersberger et al. (1986), where ν is the transition frequency in GHz and ∆v1/2 the

line width (FWHM) in km s−1. The NH3 populations are described by two temperatures, one

is the excitation temperature Tex which characterizes the population across a (J,K) inversion

doublet and the other the rotational temperature Trot which characterizes the populations of

energy levels with different (J,K). Since the populations of metastable inversion levels are

determined by collisions, there is a direct relation between Trot and the kinetic temperature Tk.

The column density divided by Tex as a function of energy is described by the Boltzmann law
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with a specific Trot(J ′,K′;J,K),

N(J ′,K ′)/T ′
ex

N(J,K)/Tex

=
gop′

gop

(2J ′ + 1)

(2J + 1)
exp

(
− ∆E

Trot(J ′,K′;J,K)

)
, (4)

as in Ott et al. (2011), where ∆E is the energy difference between the rotational states (J ′,K ′)

and (J,K) in K, and gop the statistical weight factor [gop = 1 for para-NH3 (K ̸= 3n) and K = 0,

and gop = 2 for ortho-NH3 (K = 3n)].

The rotational temperature can be derived from the rotational diagram (figure 8), which

is the logarithmic plot of the normalized column densities, log[N(J,K)/(Tex(2J + 1)gop)] as a

function of energy levels corresponding to the transitions. Here we treat ortho- and para-

NH3 separately, because the transitions between ortho- and para-NH3 are not allowed and

hence the two behave independently. The rotational temperatures for the systemic component

derived from two transitions of NH3(1,1)–(2,2) and (4,4)–(5,5) are Trot (11,22) = 64± 5 K and

Trot (44,55) = 164± 14 K. This indicates that the systemic components consist of at least two

temperature components, like the center of the Galaxy (e.g., Hüttemeister et al. 1995; Mills

& Morris 2013) and the other galaxies, (e.g., NGC 1068: Ao et al. 2011). The presence of

two temperature components in the central region of NGC 3079, i.e., the hot molecular gas

(Tk = 150 K, nH2 = 103 cm−3) and the cold dense gas (Tk = 20 K, nH2 = 104 cm−3), was also

shown by the radiative transfer model using multi-transition of 12CO and 13CO lines with single

dishes (θ ∼ 23′′ in CO(1–0); Israel 2009). Moreover in figure 8, the larger column density of

NH3(6,6), whose energy level is 408 K, than the value extrapolated from the lower transition

lines indicates the existence of the hotter gas.

We also derived the mean rotational temperature of Trot = 120± 12 K for the systemic

features, using para-NH3 lines, (1,1), (2,2), (4,4) and (5,5), for comparing with other galaxies.

The derived rotational temperature is consistent with the previous results of NGC 3079 [Trot >

106 K, derived from the same para-NH3 lines in Mangum et al. (2013)], and is higher than

temperatures in other galaxies already reported (e.g., Trot = 44+6
−4 K in NGC 1068; Ao et al.

2011). The rotational temperature of the blueshifted component was evaluated to be Trot =

157± 19 K from the para-NH3 lines.

The kinetic temperature (Tk) is, in general, higher than the rotational temperature

(Walmsley & Ungerechts 1983). The relation between Trot and Tk, which was derived from

radiative transfer large velocity gradient (LVG) models, was shown by Ott et al. (2011) for

ammonia rotational transitions. We roughly estimate the mean kinetic temperature of Tk =

270± 60 K for the systemic components using the mean rotational temperature, Trot = 120 K,

and the relation between Tk and Trot (22,44) (figure 5 in Ott et al. 2011). For the blueshifted

components, we can derive the lower limit of the kinetic temperature, Tk > 500 K.

17



4.3. Rotational Temperature of OH

We also estimated the rotational temperature of the systemic component of OH from the

ratio of the normalized column density between 2Π3/2 J = 3/2 and J = 9/2, assuming that the

systemic components of OH 2Π3/2 J = 3/2 in the 1667- and 1665-MHz transitions (Hagiwara

et al. 2004) are emitted from the same region as that of OH 2Π3/2 J = 9/2. The normalized

OH column density is expressed as (Baudry et al. 1981),

Nl

Tex

= 2.07× 103ν2 gl

gu

A−1
ul τ∆v1/2 [cm−2 K−1], (5)

where Nl is the column density of one (F = 4–4 or 5–5) of the two hyperfine levels at the lower

state of the Λ-doublet, ν the frequency of the transition in GHz, Aul the Einstein A-coefficient

(Destombes et al. 1977), and gl and gu are the statistical weights (2F + 1) of the lower and

upper levels, respectively. Since the mean total column density of J = 9/2 is given by

N9/2

Tex

= 7.46× 1013τ4−4∆v1/2 + 7.42× 1013τ5−5∆v1/2 [cm−2 K−1], (6)

as in Baudry & Menten (1995), we obtain N9/2/Tex = 6.98× 1014 cm−2 K−1 for the systemic

component, using the parameters of τ and ∆v1/2 for F = 4–4 and 5–5 in table 7. The rotational

temperature of Trot,OH ∼ 175 K between J = 9/2 and J = 3/2 was derived from the equation,(
N9/2/Tex

)
/

(
N3/2/T

′
ex

)
= (10/4)exp(−∆E/Trot) , (7)

where N3/2/T
′
ex =5.3×1015 cm−2 K−1 (Hagiwara et al. 2004). The rotational temperature of OH

has large uncertainty because the velocities of the systemic components between OH 2Π3/2 J =

3/2 and OH 2Π3/2 J = 9/2 lines are not exactly same [compare our figure 7 with figure 1

of Hagiwara et al. (2004)]. It is expected that the rotational temperature of the redshifted

component could be higher than that of the systemic, because the OH 2Π3/2 J = 3/2 in ground

state was not detected but the 2Π3/2 J = 9/2 whose energy level is 511 K.

4.4. Distribution of molecular gas in the nuclear region

Figure 9 shows the distribution of the peak positions of NH3 and OH lines for the

systemic and blueshifted components in the coordinate system relative to the position of

R.A. (J2000.0)= 10h01m57.s8034, Decl. (J2000.0)= 55◦40′47.′′243 determined from observations

with VLBI (Petrov & Taylor 2011). The statistic position errors were evaluated from

∆θ =0.5 θbeam/SNR (e.g., Moran et al. 1999), where θbeam is the synthesized beam size (table 2)

and SNR the signal-to-noise ratio of the peak absorption. The circles in figure 9 show the posi-

tions of the peak intensities of the NH3(1,1), (2,2), (4,4), (5,5) and (6,6) absorption integrated

with 2 and 3 channels, corresponding to VLSR = 1105–1135 km s−1 and 1000–1045 km s−1, for

the systemic and blueshifted components, respectively. The peak positions of the NH3(3,3)

lines integrated with VLSR = 1120–1165 km s−1 for the systemic components (absorption) and

970–1045 km s−1 for the blueshited (emission) are also plotted.
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In figure 9, the systemic and blueshifted features, with the exception of blueshifted

NH3(1, 1) and (3, 3) are located at the north-west and south-east relative to the reference

center, respectively. A least-squares fitting of the systemic and blueshifted components gives

P .A.≈−53◦, in agreement with the position angle of the nuclear continuum jet measured with

VLBI (P .A. = −52◦, Trotter et al. 1998; Yamauchi et al. 2004), suggesting that ammonia is

absorbed against the continuum emission of the nuclear jet. The velocity structure of NH3

absorption is inconsistent with the kpc-scale galactic disk and the pc-scale nuclear water maser

disk with P .A. = −8◦ which rotates with the northern side approaching and the southern

receding (Yamauchi et al. 2004), but is nearly consistent with that of OH absorption at 1665-

MHz (Hagiwara et al. 2004). The projected separation between the averaged positions of the

systemic and blueshifted components in figure 9, 8.6 mas, is also consistent with the position

offsets of ∼ 7–8 mas between two peaks of the systemic and blueshifted components of the

OH absorption (Hagiwara et al. 2004). The blueshifted absorption features of NH3 and OH

could be explained with an association with molecular outflows possibly caused by the jet, as

suggested by Hagiwara et al. (2004).

On the other hand, the relative position of the blueshifted NH3(3,3) emission is located

at ∼ 10 mas north of the nuclear jet, in agreement with the positions of the H2O masers (LSM2)

formed by local shocks related to star formation in the nuclear maser disk (Yamauchi et al.

2004). The position of the blueshifted NH3(1,1) close to the NH3(3,3) could be explained by

the enhancement of NH3 due to the local shock (e.g., Draine & McKee 1993; Flower et al.

1995).

Figure 9 also shows the peak positions of the systemic and redshifted components of

the OH 2Π3/2 J = 9/2 F = 4–4 and F = 5–5 lines, where the velocity ranges of VLSR = 1075–

1105 km s−1 and 1285–1315 km s−1 are adopted for the systemic and redshifted components

of the F = 4–4 line, and VLSR = 970–1000 km s−1 and 1180–1210 km s−1 for the systemic and

redshifted of the F = 5− 5 line. The peak positions of the systemic components of the F = 4–

4 and F = 5–5 are located close to the positions of the systemic NH3 lines. The redshifted

component of the OH F = 5–5 is located at the northwestern side with respect to the systemic

components of the OH F =4–4, 5–5, and NH3 lines aligned along the nuclear jet. The redshifted

component of the OH F = 4–4 line is however at the further northern side near the shock gas

region of H2O masers (Yamauchi et al. 2004) and the blueshifted component of NH3(3,3). To

make the distributions of these molecular gas clear, observations with higher angular resolution,

e.g, with VLBI would be needed.

4.5. Abundance of Ammonia

In order to derive column densities of NH3 from the absorption lines, the excitation

temperature Tex is required, as shown in equation (3). Although radiative transfer models

are needed to determine Tex (e.g., Walmsley & Ungerechts 1983), we estimated the column
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densities for the systemic and blueshifted components, assuming Tex ≈ Trot(< T ′
C ∼ 1.7×104 K;

T ′
C = the brightness temperature of the background continuum source). The ortho-NH3(0,0)

does not exhibit an inversion line and (3,3) is degenerated by the contamination of the maser

emission (subsection 3.2.2), and hence we extrapolate the column densities of NH3(0,0) and

(3,3) from the rotational temperature for para-NH3 and N/Tex of NH3(6,6) in figure 8. The

derived column densities of the systemic and blueshifted components are summarized in table 8.

The fractional abundances of
∑6

J=0 NJ (NH3) relative to the column densities of H2 for

the systemic and blueshifted components are [NH3]/[H2] = 1.3× 10−7 and 6.5× 10−8, respec-

tively, where the column density of H2 (= 6.8×1023 cm−2) is estimated from the CO integrated

intensity, ICO ≡
∫
Tb dv, with the angular resolution of 1.′′9 (Koda et al. 2002) and the conversion

factor of X ≡ N(H2)/ICO = 1.8× 1020 cm−2 (K km s−1)−1 (Dame et al. 2001). It is difficult to

decide whether the difference of the abundance between the systemic and blueshifted compo-

nents by a factor of two is real, because the column densities of NH3(3,3) estimated only from

that of NH3(6,6) and Trot of para-NH3 occupy 46 % and 42 % of the total column densities of

the systemic and blueshifted component, respectively, maybe causing the uncertainty of nearly

a factor of two for the difference.

In the central regions (r ≤ 0.17–1.1 kpc) of other galaxies, the fractional abundance of

ammonia was (1.3–2.9)× 10−8 for NGC 253, IC 342, Maffei 2 and NGC 1068, 4.5× 10−9 for

M51, and 5× 10−10 for M82 (see Takano et al. 2013 and references therein). The ammonia

abundance, at least of the systemic component (1.3×10−7), in the nuclear region of NGC 3079

is higher than that of the other galaxies, even if the uncertainty of the density of NH3(3,3) is

considered. To know the reason of the high abundance in NGC 3079, it would be important

to measure the ammonia abundance in the nuclear regions of other galaxies, especially active

galactic nuclei having jet, from observations with high resolutions of r ≤ 10 pc.

5. Conclusions

We reported the results of ammonia observations toward the center of NGC 3079 with

the Tsukuba 32-m telescope and VLA. The main conclusions are summarized as follows:

1. We detected ammonia (J,K) = (1, 1) and (2, 2) inversion lines in absorption with the

Tsukuba 32-m, and (J,K) = (1,1) through (6,6) lines with the VLA although the profile

of the NH3(3,3) line was anomalous.

2. We detected an unresolved continuum source with the resolution of <∼ 0.′′09×0.′′08. On the

other hand, the flux density of ∼ 50 mJy is smaller than the flux obtained by observations

with the GBT, and larger than that with VLBI. These results indicate that the continuum

source is extended more than r ∼ 1′′.

3. All ammonia absorption lines have two distinct velocity components: one is at the systemic

velocity and the other is blueshifted, and align along the nuclear jet. For the systemic
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Table 8. Ammonia rotational temperatures and column densities

Systemic component Blueshifted component

Trot 120± 12 K 157± 19 K

Column density∗ [×1015 cm−2]

NH3(0,0) (4.6± 0.5)† (1.9± 0.2)†

NH3(1,1) 12.5± 0.5 5.0± 0.8

NH3(2,2) 11.0± 0.7 6.5± 1.4

NH3(3,3) (41.1± 4.1)† (19.0± 2.3)†

NH3(4,4) 7.0± 0.4 4.0± 1.0

NH3(5,5) 4.8± 0.3 3.8± 1.2

NH3(6,6) 7.5± 0.5 4.5± 1.0

6∑
J=0

N 88.5± 7.0 44.7± 7.8

∗Assumed Tex ≈ Trot.

†Brackets are values extrapolated from Trot for para-ammonia and N/Tex of

NH3(6,6).
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Fig. 8. Rotational diagram of the ammonia measurements. The ordinate exhibits the logarithm of nor-
malized N/Tex. The systemic and blueshifted components are marked by filled and open circles, respec-
tively. The thick and thin dotted lines indicate the results of the least-square fitting of the systemic and
blueshifted components, respectively, for (J,K) = (1,1),(2,2),(4,4) and (5,5). The mean rotational tem-
peratures for the systemic and blueshifted features are shown. In addition, the rotational temperatures
derived from two transitions of NH3(1,1)–(2,2) and (4,4)–(5,5) for the systemic component are shown.
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Fig. 9. Distribution of NH3 lines in the nuclear region of NGC 3079. The origin of the coordinates
is R.A. (J2000.0)= 10h01m57.s8034, Decl. (J2000.0)= 55◦40′47.′′243 (Petrov & Taylor 2011). Filled and
open circles indicate the peak positions of NH3(1,1)–(6,6) for the systemic and blueshifted components,
respectively. A dashed line with a position angle of P .A. = −53◦ is the result of a least-squares fitting
of the positions with the exception of blueshifted NH3(1,1) and (3,3). Filled triangles show the peak
positions of the systemic components of OH 2Π3/2 J = 9/2 F = 4–4 and F = 5–5, and open triangles those
of the redshifted.

components, the ratio of the flux densities with GBT to VLA decreases with the excitation

level, indicating that the relatively low temperature gas is more extended than the high

temperature gas.

4. At the blueshifted velocity, the NH3(3,3) line shows emission feature. The blueshifted

feature is consistent with the distribution and velocity of the H2O maser formed by local

shock related to star formation. We regarded NH3(3,3) maser as the most likely candidate

of the emission, and suggested that the maser was associated with shocks by strong winds

from newly formed massive stars or supernova explosions in dense clouds in the nuclear

region of NGC 3079.

5. Using para-NH3(1,1), (2, 2), (4, 4) and (5, 5) lines with the VLA, we derived the rotational

temperature Trot =120±12 K and 157±19 K for the systemic and blueshifted components,

respectively. The temperatures correspond to the kinetic temperatures of Tk = 270±60 K

and > 500 K for the systemic and blueshifted components, respectively.

6. Combined column densities of the measured lines plus the extrapolated (0, 0) column

become (8.85 ± 0.70) × 1016 cm−2 and (4.47 ± 0.78) × 1016 cm−2 for the systemic and

blueshifted components, respectively, assuming Tex ≈ Trot. The fractional abundances

of
∑6

J=0 NJ (NH3) relative to the column densities of H2 for the systemic and blueshifted

components are [NH3]/[H2] = 1.3× 10−7 and 6.5× 10−8, respectively.
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7. We found an absorption which is likely to be caused by the F = 4–4 and F = 5–5 doublet

of OH 2Π3/2 J =9/2. Given that each doublet line has same velocity components, the wide

absorption feature can be fitted by two velocity components. These velocity components

are different from the velocities at the ground state of OH 2Π3/2 J = 3/2 and NH3, not

showing the blueshifted components but the redshift. We estimated the rotational tem-

perature of Trot,OH
>∼ 175 K from OH 2Π3/2 data. The highly excited OH line can trace

hot gas associated with the interaction of the fast nuclear outflow with dense and dusty

molecular material around the nucleus.
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