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The scintillating water masers of NGC 3079 Hayley Bignall

1. Introduction

Extragalactic radio sources smaller tharb0 microarcsecond@s) in angular size are sub-
ject to interstellar scintillation (ISS) at centimetre wavelengths, due to scattdring radio waves
in the turbulent, ionized interstellar medium (ISM) of our Galaxy (g]g. [1]ps@vations of ISS
can in principle be used to deduce the structure of the radio source @utagsngular scales, as
well as properties of the scattering medium responsible for the scintillation@e[3]).

NGC 3079 is a well-studied, almost edge-on spiral galaxy at approximaget [4]. It
shows either Seyfert 2 or LINER activity, and there is strong eviderure K-ray data that it con-
tains an active galactic nucleus (AGN) (e[g.[[5, 6] and referencesitheNGC 3079 also contains
one of the most luminous 22 GHz,B® megamasers known to date (e[g.[[7, 8]). Like those of
NGC 4258, the HO maser emission of NGC 3079 has been interpreted as originating in a cir-
cumnuclear disk (e.g[J[91Lf, 6]), although the exact disk models peditiffer between authors.
Kondratko et al. [J6] recently produced the first map of the full exterthef22 GHz HO maser
emission of NGC 3079, betweshsg ~ 880 and 1400 km's, contained within a regior 30 mas
in angular extent. The authors propose a model where the accretionfdi8B® 3079 is thick,
clumpy, flaring and undergoing star-formation.

Observations with the Green Bank Telescope (GBT) in April 2006 were chimheneasur-
ing the HO maser Zeeman splitting due to the magnetic field in the disk. The observations and
analysis are described in detail [n][12], and summarised briefly in sd¢tieto@/bNo circular po-
larization was detected, giving an upper limit of 11 mG for the toroidal magnetitdi a distance
of ~ 0.64 pc from the central black hole. This is the tightest upper limit for the magfietit
around a black hole to date. In addition to the measurement of Zeeman splitérsgrtbitive GBT
observations have allowed us to study the short-term variability of the maBegesiously, line
flux variability of several tens of per cent on timescales of minutes hasdizsmved for 22 GHz
H,>O megamasers of the Circinus galakyl [[L3, 14]. As the timescale of intrinsic wesations are
at least an order of magnitude larger, the Circinus maser variability is molstdike to diffractive
interstellar scintillation[[35]. In the present paper we discuss the olig@rsand interpretation of
short timescale variability of the NGC 30738 megamasers.

2. Observations and results

Observations of the #D0 megamasers in NGC 3079 were carried out at the NRAO 'G&T
tween April 10 and April 19 2006. The GBT spectrometer was used witmevedth of 200 MHz
and 16,384 spectral channels. This resulted in a channel spacing6sf Bm s and a total
velocity coverage of 2700 knT$ which was centered ovi sg = 1116 km s. The method of
observing and baseline correction is described ih [12]. The total wbgetime was 30.2 hr, of
which 20.9 hr were spend on source. Once evetly2 hr point and focus observations were done
on J0958+655. This source was also used as a flux density calibrater.tli& full observation
run, the gain does not change by more than 10%, while the variation oxamasbours in the flux

1The National Radio Astronomy Observatory (NRAO) is a facility of the Natid®cience Foundation operated
under cooperative agreement by Associated Universities, Inc.
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Figure 1. Average total intensity (I, top) and circular polarizati®) bottom) spectrum of the NGC 3079
H,O megamasers. The solid vertical lin&/agr = 1116 km slindicates the systemic velocity. The dashed
vertical lines indicate the maser features for which théatmlity parameters are given in Taljle 1.

density of J0958+655 is 5%. However, the gain corrections using J0958+655 were only deter-
mined every~ 1.2 hr after correcting the telescope pointing. Accumulated pointing uncertintie
and elevation effects can cause a global gain variation of up26— 25% between two consecu-
tive observing blocks. Such large variations occur only six times duringvtitde observing run,
and these occasions were found to have no significant effect oretemntination of the variability
characteristics presented in Sectfor} 2.1 below.

Figure[1 shows the average spectrum in total intensity (Stokes I) andacifolarization
(Stokes V). No significant circular polarization is detected. These arentist sensitive obser-
vations of the HO megamasers of NGC 3079 to date. Although the peak flux has varied by up
to 50%, the overall shape of the total intensity spectrum is strikingly similar toaHeespec-
trum from 2003 seen in Figure 3 df|[6]. The only major difference is theeapance of a strong,
somewhat isolated blue-shifted featur&/ajr = 9255 km s 1.
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2.1 Variability characteristics of the NGC 3079 H,O megamasers

In contrast with the other maser features, the blue-shifted featurerat 9255 km s 1showed
a steady decline in flux density ef 64 mJy/day. A recent spectrum taken with the Effelsberg Tele-
scope shows that the feature was very weak in April 2007. Thereegega possible mechanisms
that can explain such gradual, time-variable behavipur [16]. One possilsilaytime-variable
maser pump. The $¥0 megamasers could be powered by X-ray emission from the AGN, as dis-
cussed by[[]7]. Variations in the AGN would then result in variations in t@ khaser flux density.
However, although the location of tiMesg = 9255 km s 1with respect to the other maser features
is unknown, one would expect correlated flux density variation in at kst of the other masers
lines. Another more likely explanation is that the variability is caused by the angpiditof back-
ground emission from another maser feature. As the disk of NGC 3079uglhto be strongly
inhomogeneous, the maser emission is narrowly beamed along the line-obgitjie overlap of
masing regions with similar Doppler velocities. As discussed]in [6], chanceraéigts of masing
regions will then result in variability on timescales of severals days or longer.

In addition to the long-term variability seen in the featur&ajr = 9255 km s™1, the maser
features of NGC 3079 also vary on timescales of tens of minutes. Theresigmificant corre-
lation in the variability of the different maser lines, indicating that the obseveeidbility is not
due to calibration errors. Figufg 2 shows the light curves of the two beghtaser lines observed
on April 17-18 2006. To characterise the variability of the NGC 3079 miases, we have de-
termined the discrete autocorrelation function (DACF) followihd [18]. FoiteMB], we define
the characteristic timescale for variabilifiyha, as the time-lag where the DACF falls ta60 We
further determine the depth of the first DACF minimum and the modulation ipdex /(S). Here
(S) is the mean peak flux density of the maser line arttie rms of the variability. The variability
parameters are given in Taljle 1 along with the local standard of rest) (Ségity, Vi sr, and the
full-width half-maximum Qv). The velocity and\v are determined from fitting Gaussian profiles
to the maser spectrum. However, many of the maser features are heavidgdyl@mcreasing the
uncertainties in the velocity aniv determinations.

3. Interstellar scintillation

Short timescale variability of masers can be caused by gain variation alongager amplifi-
cation path. The characteristic timescale of such variability s/c, whereL is the maser length.
The clumpy masing disk model df| [6] predicts clump sizes between 0.001 a6 pd Taking
these sizes as limits dn this implies a variability timescale of this type of 10° s, two orders
of magnitude longer than the variability timescale detected here. Here we sabnotionly are
the observed rapid variations of the maser features of NGC 3079 reagiirged as interstellar
scintillation, but that scintillation of these compact sources is indeed expected

Unlike Circinus which is viewed through the Galactic plane, NGC 3079 is atdBalatitude
b= +4836°. The NE2001 Galactic electron density model [19] predicts a transitiondrezy
of vo = 8.8 GHz between strong and weak scattering along this line-of-sight. Althtinegimodel
uncertainties of NE2001 are significant at high latitude and for indivililues-of-sight, NGC 3079
is expected to be in the weak scattering regime at 22.2 GHz.
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Figure 2: Light curves of the two strongest blueshifted®maser lines of NGC 3079 observed on April
17-18 2006. Data points are plotted for every 4 minute olisgrscan. The light curve of the maser feature
at 925.503 km sthas been corrected for the observed linear flux density deergescribed in Secti@.l.

Velocity Av (S Os u Tehar Depth of
(kms™ (kms?h)  @QAy) @y (hr) First Minimum
9255034+0.003% 0.814+0.01 1.913 0.255 0.133 .P6+0.03 —-0.41+0.08
94492+ 0.02 077+0.09 0.378 0.042 0.110 .844+0.04 —-0.30+0.09
9586604+0.006 089+0.02 2.195 0.197 0.090 .p74+0.04 —-0.03+0.06
96984+ 0.01 1054+0.03 0.847 0.089 0.105 .p7+0.05 -0.324+0.10
97353+ 0.04° 34+02 0584 0.050 0.086 .80+0.10 —-0.13+0.09
980.89+0.03 1454+0.14 0.576 0.047 0.081 .44+0.07 -0.214+0.09
98893+ 0.04° 1.4+0.2 0539 0.045 0.090 .B1+0.05 -0.13+0.09
99216+0.01 130+0.06 1.122 0.097 0.087 .84+0.03 0.09+0.07
99989+ 0.01 134+0.06 0.612 0.083 0.136 .B5+0.03 —-0.284+0.08
101445+ 0.04° 3.3+02 0.256 0.025 0.096 .88+0.10 -—-0.08+0.15
119065+£0.03 148+0.05 0.177 0.025 0.139 .B7£0.05 -0.274+0.18

@ For the variability analysis the linear flux density deceshas been removed.
b Heavily blended feature.

Table 1: Variability parameters of the NGC 30798 maser lines.

Using equation 6 from[J20] for the frequency dependence of modulatitex for weak scin-
tillation of a point source, we find from our observations, with typical moduteaitislex u = 0.1,
that the implied transition frequency between weak and strong scintillatieg=s4.4 GHz. The
transition frequency would be higher if the maser size invalidates the paimtes@pproxima-
tion. If the source angular diametég is larger than the angular size of the first Fresnel zone
6 = \/c/(2nvz) at the distance of the equivalent scattering screen, then the modulation index is
decreased. At 22.2 GHBr = 59(z/1pc)~Y/? pas. We have shown ifi [L2] that the® masers of
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NGC 3079 are mostly saturated. Assuming saturation, cylindrical masebgeanged by a factor
of ~ 3 [R1]. As the clump sizes in the maser disk are estimatef] in [6] to be betweeh and
0.006 pc, this yields for the beamed masers, at 16 Mpc, an angular sizecletvead 25uas. As
several maser features are only partly saturated, the beaming is mooeipced, and the angular
sizes are even smaller. Thus, taking a typical maser si@e-6f1L0 uas, the scattering screen would
need to be ar ~ 150 pc to satisfyfs/6r ~ 2.3 if the transition frequency is indeed close to the
NE2001 modebg = 8.8 GHz, for example.

It is interesting to note that our calibration source J0958+655 (B0954+@5&n angular
separation of ®° from NGC 3079, showed the prototypical extreme scattering event in-8980
[PZ], which was suggested as being possibly associated with the edgalati& Loop Il at a
distance of 145 pd23]. This source is also a known intra-day vari#b\é) (4], but at 22 GHz
it is not variable enough on short timescales to affect our calibration dNGE€ 3079 spectrum.
Based on CO observations towards J0958+655, Fuhrmann@alumgsted that an ionized shell
or envelope at the edge of a high-latitude molecular cloud may be respofwitie scintillation
of the source. The detected CO may be part of the Ursa Major cloud corapkexiistance of
~ 100 pc.

However, a distant scattering screen implies a long scintillation timescale. AtG12z2the
variability timescale for a point sourcetis= 8100\4;,\1,,21/2, with Vism being the transverse speed
of the scattering screen with respect to the source in ki $or 8s > 6, the characteristic
variability timescal€lchar = te (6s/6¢ ). Thus for a screen at= 150 pc ands/ 6 = 2.3, Tehar=
23 10 \/lg,\l,I s. To reconcile this with the typical observed timescale of 1200 s reqyigs~
190 km s%, which is much larger than the expected valu&/gfs ~ 40 km s lcorresponding to
the velocity of the Earth with respect to the LSR in the direction of NGC 3079eatisite of the
observation.

Alternatively, the observed rapid variations and lower transition frequenmpared to the
NE2001 model prediction could result from scattering in a nearby sceseimas been determined
for the handful of extremely rapid “intra-hour” scintillating quasdrg @427]. Although there are
some exceptions, the maser lines in Tdble 1 have a tendency to display thetsfaallesd largest
u for those lines with the lowedkv, which are thus thought to be only partially saturated. This
would be consistent with the corresponding maser features being the $rda#ds the increased
maser beaming. We thus expékt < 6 for the partially saturated sources and expggto be
slightly larger thar6r for the fully saturated sources. Takifigr=~ 1000 s from partially saturated
masers to b&-, we find that the velocity and the screen distance have to satigfy= 0.12 Vigu.
ForVism ~ 40 km s1 for a screen moving with the local standard of rest, this indicate®5 pc.
This in turn givesfs =~ 6 = 12 uas, thus the maser feature sizes expected from the scintillation
are consistent with those estimated from the saturation level and the clumfrsind§].

There is a slight tendency for masers with largeio show deeper first minima in the DACF.
This is also consistent with the sources with lowgsthought to be fully saturated, havifg > 6¢.

[B] showed that anisotropic scattering in a thin screen produces a dstepifiimum or “negative
overshoot” in the ACF, and as the source becomes more extended, thatitmeovershoot” is
suppressed. A deep first minimum in the DACF is also seen for the intravhdable quasars and
for the H,O masers in Circinug [14], suggesting that anisotropic scattering in dissetens” is
a widespread phenonemon.
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There is some indication of nearby scattering along other lines-of-sige¢ ¢ttoNGC 3079
from the MASIV VLA Survey [28]. The MASIV Survey found that, whilelarge fraction of all
compact, flat-spectrum extragalactic sources vary with modulation indicesltygn the range
0.01to Q1 at5 GHz in a 72 hour period, only a tiny fractiori (%) have characteristic timescales
of a few hours or less. J0949+5819, the closest MASIV source to at an angular sep-
aration of 32°, showed variations witlu = 0.15 on a timescale of less than a few hours in 2002
January. This is likely to be due to scattering in a nearby screen within a femfearsec of the
Sun. J0949+5819 was the most extreme variable observed in the ficst epine MASIV Survey
apart from the already known intra-hour variable J1819+3845 [@8]the nine MASIV sources
within 10° of NGC 3079, five sources showed significant variability in at least tbueef four ob-
served epochs (J.E.J. Lovell et al., in preparation), namely J0949+38346+5020, J0929+5013,
J0958+4725, and our calibration source J0958+655. The fractiibvb$ources in the region of
sky around NGC 3079 is large, but not exceptionally so compared withvihalb statistics of
ISS in compact AGN found in the MASIV Survey. However, it is notable that variations in
J0929+5013 were also unusually rapid with a characteristic timescale lesa fea hours. Such
rapid variability is extremely rare; only a handful of sources in the entireSIMASurvey sample
have such short characteristic timescales. The presence of seygdalariables in the region of
sky near NCG 3079 is suggestive of these sources being scatterethtedrstructure in the very
local Galactic interstellar medium.
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