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Although deuterium is predicted to be primarily cosmological, D can also be produced
by cosmic-ray or γ-ray spallation reactions - possibly between high energy jets and the
surrounding gas in AGN. We used the Nobeyama mm array with a 3” resolution (200
pc) in April 2003 to search for any enhanced D from the DCN J = 2 − 1 line in the
45”×45” (3 kpc) circumnuclear region of the Seyfert galaxy NGC 1068. NGC 1068 is
an optimal target because it has jets, starburst activity, a circumuclear molecular ring
and molecular disk, dense optically thick concentrations of HCN, and a low-energy X-ray
flux of 1042 erg/s (the highest X-ray flux of any galaxy in which HCN has been detected
and the flux required to produce high D abundances). Although DCN is detected in
most Galactic or LMC molecular clouds with optically thick HCN, we did not detect
DCN with Srms = 11 mJy/beam or Trms = 35.6 mK. Thus our 3σ upper limits are S≤
33 mJy/beam or Tmb ≤ 106.7 mK and DCN/HCN≤ 0.0044. Using our 5260 reaction
chemical network we estimate the underlying D/H≤ 1.5×10−5− less than or equal to but
not greater than the local Galactic ISM D/H = 1.5 × 10−5. Thus there is no significant
D production in the nuclear region of NGC 1068 and NGC 1068 has probably not had a
recent period of activity with a γ-ray or cosmic-ray luminosity > 1042 erg/s. If jet-cloud
nucleosynthesis produces significant amounts of D, then the D is either produced inside a
very small nuclear region or transported outside the nuclear region whereby subsequent
infall may continuously supply galactic nuclei with D. However, any enhanced D produced
via spallation reactions would have been destroyed via astration due to the large AGN
star formation rate. Our results are additional evidence that D is primarily cosmological
and that AGN do not produce D.
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1. INTRODUCTION

The D/H ratio is an important predictor of standard and non-homogeneous big-bang
models[1] because the abundance of D depends critically on the temperature and baryonic
density during the epoch of nucleosynthesis (first 1000 seconds). Thus any noncosmolog-
ical source of deuterium would undermine its use to estimate the baryonic density of the
universe and place constraints on big-bang nucleosynthesis models. Alternatively, in ho-
mogeneous inflationary or similar flat models, the D/H ratio gives the amount of dark
matter and an upper limit to the number of neutrino families. Deuterium can be pro-
duced by p(p, ν + e+)D, p(n,γ)D or spallation reactions but D will be easily destroyed by
reactions with p, n, D, or γ-rays. D can survive only if formed in a region of rapid expan-
sion and cooling (big-bang or explosive nucleosynthesis) or in cool rarefied matter such
as the ISM. If D is primarily produced via the big-bang, its abundance will only decrease
with time due to astration and the D/H ratio will be larger in less evolved low-metallicy
regions and smaller in more evolved high-metallicity regions. The observed D/H ratio is
determined by the combination of D nucleosynthesis, infall, mixing, and astration.

Because the spallation cross sections are known, some D must be produced for any
large flux of γ-rays or cosmic rays possibly generated by a black hole accretion disk at the
center of an AGN. Boyd, Ferland and Schramm[2] predict that γ-ray induced spallation
reactions will significantly increase the D/H ratio to 10−3 near a galactic nucleus for a
luminosity of 1042 erg/s similar to the flux from our target galaxy NGC 1068[3]. Famiano,
Boyd, and Kajino[4] calculated that the interactions between jets of high-energy nuclei
from AGN and nuclei of the surrounding cool clouds will produce ”copious” amounts of
D (D/H = 10−3) from spallation reactions with the 4He. The high T of 70 K seen in AGN
molecular clouds may be due to heating by a 100 times increase in the cosmic-ray flux[5]
which would also increase the D abundance.

Chemical fractionation significantly enhances the molecular abundances of deuterated
molecules such that for a molecule XH, the ratio XD/XH = 10−10,000 (D/H) depending
on the T and the molecule. Thus deuterated molecules are excellent tracers of enhanced
D production. For most molecules D fractionation is only significant for T≤ 25 K. DCN
is the best molecule to use to detect enhanced D production in warmer active regions
because DCN is also formed via DCO + N → DCN + O and C2HD+ + N→ CH+ + DCN
at T = 75 K[6].

D has never been detected in any AGN and extragalactic D has only been detected in the
Magellanic Clouds from DCN, DCO+, or HD[7,8]. NGC 1068 is a type 2 Seyfert Galaxy
with an obscured broad-line-region, starburst activity, jets, a circumnuclear molecular
disk (CND) and bar, a central concentration of dense optically thick HCN, a massive
accretion disk with an 8 × 106M� black hole, and a low-energy X-ray flux of 1042 erg/s
(the highest X-ray flux of any galaxy in which HCN has been detected and the same
luminosity used to predict high D abundances).

Tacconi et al.[9] determined that the HCN velocity field requires the presence of random
motions of order 100 km/sec. This was interpreted as implying the impact of nuclear
radiation and winds on orbiting molecular clouds similar to the jet-cloud D nucleosynthesis
model that can produce a significant enhancement in the D abundance (D/H = 10−3).

A chemical analysis of the circumnuclear disk in NGC 1068[10] indicated that the CND
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is a giant X-ray dominated region where the X-rays influence the physical and chemical
properties. However, the X-rays are probably the result of X-ray binaries. Chandra X-
ray observations of NGC 1068[11] show that the X-rays are most intense in a 15” region
surrounding the nucleus and are absorbed by dense circumnuclear molecular clouds. Thus
NGC 1068 is the best AGN in which to search for DCN and enhanced D nucleosynthesis.

2. RESULTS AND DISCUSSION

We searched for D nucleosynthesis in AGN from observations of the DCN J = 2 − 1
rotational line at 144.828054 GHz in the Seyfert Galaxy NGC 1068 in April 2003 using
the Nobeyama mm-array. We had a resolution of 3” (200 pc at the 15 Mpc distance to
NGC 1068, where 1’ = 68 pc) and we covered a field of 45” x 45” (3 kpc), which included
the 4” CND and the circumnuclear molecular ring (10” radius).

We did not detect DCN with an Srms = 11 mJy/beam corresponding to 35.6 mK and
obtained a 3σ upper limit of S ≤ 33 mJy/beam = 106.7 mK in the entire circumnuclear
region. We estimate the DCN column density by assuming that the optically thin J
= 2 − 1 line is in LTE and using the relationship between integrated intensity and the
number of emitting molecules in the upper state u as

∫
TMBdv = (Aulhc3/8πkν2)Nu and

Nu = (gu/Q(Tex)e
−Eu/kTexNtotal where A is the Einstein A value, Q is the partition value,

u and l are the upper and lower levels. Tacconi et al. estimate that T = 75 K from the
CO (4 − 3)/(1 − 0) line intensity ratio yielding NDCN ≤ 4.4 × 1012 cm−2.

The HCN column density NHCN = 1.0 × 1016 cm−2[12]was determined from the opti-
cally thin HCN J = 4− 3 line with a 100 km/s linewidth (corresponding to τ = 4.0[13]).
Thus we estimate that DCN/HCN≤0.0044 in the circumnuclear disk of NGC 1068. Using
a 5260 chemical reaction network containing 122 deuterated species[6] we estimate that
the underlying D/H in the 200 pc CND (with the largest HCN column density) is D/H
≤ 1.5 × 10−5. Thus the D/H ratio in the circumnuclear region of NGC 1068 is less than
or equal to but not greater than the local Galactic ISM value of D/H = 1.5 × 10−5.

DCN has been detected 10 pc from the Galactic Center in the Sgr A 50 km/s molecular
cloud with a Tmb = 40 mK for the J = 2 − 1 line and Tmb = 61 mK for the J = 1 − 0
line[14]. We determined that DCN/HCN = 0.00048, estimated that the underlying D/H
= 1.7x10−6 (lowest D/H ratio in the Galaxy), and concluded that the D results from
infalling low-metallicity pre-Galactic gas. Because we did not detect DCN we are unable
to conclude that there is infalling matter containing D that may have been produced from
jet-cloud interactions.

Extragalactic DCN was not detected in the starburst galaxy NGC 253 (not an AGN
or Seyfert galaxy) with Tmb ≤ 5 mK for a 12” beam and an estimated DCN/HCN ≤
0.004[15]. However, these are 1σ limits and their corresponding 3σ limit of DCN/HCN≤
0.012 is three times larger than the upper limit determined in this research.

Our results clearly exclude large D abundances in the 200 pc CND molecular clouds or
in any 200 pc region of the central 3 kpc of NGC 1068. If the jet-cloud nucleosynthesis
produces significant amounts of D (D/H = 1 × 10−3 to 1 × 10−4), then the D is must be
produced in a small region near the AGN and not mixed throughout the CND molecular
clouds or produced outside of the 3 kpc region containing the CND and circumnuclear
molecular ring. Our results do not exclude subsequent infall of jet-cloud produced D, as
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this may be one way to continuously supply galactic nuclei with D similar to our previous
Galactic Center results. It is unlikely that a recent period with a nuclear γ-ray flux with a
luminosity of 1042 erg s−1 exists because the γ-flux would also produce large D abundances
with D/H = 1× 10−3 to 1× 10−4 from spallation reactions in the CND molecular clouds
unless the γ-rays only irradiated a very small region.

Because the star formation rate depends on the amount of dense molecular gas traced
by the HCN emission[16], the higher star formation rate in the nuclear regions of NGC
1068 implies a higher astration rate. Thus if D is produced by any process (stellar flares,
cosmic-ray or gamma-ray spallation reactions, etc.), it will be destroyed and will not
contribute to the overall galactic D abundance.

Our upper limit of D/H ≤ 1.5× 10−5 in NGC 1068 confirms that there is no significant
D production in the nuclear region of NGC 1068. NGC 1068 has probably not had
an extended period of activity with jet-cloud interactions and large proton flux or γ-ray
luminosity > 1042 erg/s in the nuclear region. Any enhanced D would have been destroyed
via astration due to the faster star formation rate. Because we did not detect D (in DCN)
in the 200 pc CND molecular clouds containing dense optically thick HCN, we cannot
exclude the possibility of localized production and D enhancement in a very small nuclear
region of the AGN that is not mixed throughout the molecular clouds. Our results are
additional evidence that D is primarily cosmological.
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