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Today’s	Talk
• Short	introduction	to	the	physics	of	masers
• Discovery	that	masers	trace	dynamical	motions
• How	do	interferometers	work?
• The	maser	accretion	disk	in	NGC4258
• ”One	of	Nature’s	Most	Beautiful	Creations”

• Extreme	resolution	observations	with	Radioastron
• Measuring	the	Hubble	constant



Cosmic	Maser	are	Different	from	Lab	Masers
One	pass	amplifiers
Little	temporal	coherence
Little	spatial	coherence
Gaussian	noise	– no	noise	pulses
Both	have	population	inversion	processes	and	high	amplification	



I	Should	Have	Followed	Up	on	That	.	.	.
PHYSICAL PROCESSES IN GASEOUS NEBULAE
1. ABSORPTION AND EMISSION OF RADIATION

DONALD H. MENZEL

Ap.J. 1937, 85, 330

The total radiation, absorbed in the transition n’– n, including the effect of 
the “stimulated emissions,” which must be counted as negative 
absorptions, is easily found to be . . . .

….. complicated equation …..

Outside of thermodynamic equilibrium, the condition may conceivably 
arise when the value of the integral [above] turns out to be negative.  The 
physical significance of such a result is that energy is emitted rather than 
absorbed.  This energy must be distinguished, however, from that arising 
in random emissions.  The process merely puts energy back into the 
original beam, as if the atmosphere had a negative opacity.  This extreme 
will probably never occur in practice.





How	Does	an	Interferometer	Work	?

|_ ft *"*" cos <f> J * V 7
The fringe phase is unaffected. However, the amplitude of the fringes will
be reduced unless the term in brackets in equation (9-20) is approximately
unity, which, recalling that Dv0 cos <f>/c = r, requires that

Av < 1/T. (9-21)
This is the well-known concept that the correlation time of a signal is equal
to the reciprocal of its bandwidth. However, from equation (9-13), Av must
be as large as possible to ensure adequate sensitivity for the detection of
weak sources. Therefore, in order to ensure that the fringes are not weak
ened, a delay line is inserted between antenna 1 and the multiplier, which is
set to exactly compensate for the propagation delay corresponding to a cer
tain reference direction. This reference direction is some convenient point on

Figure 9-6 Small circles showing loci of maximum constructive interference as HrfWH i™
equation (9-19). An extended source (lower right) will produce oriJ^Stt^ because of
phase cancellation among its various parts. A double source (lower left) can ProduL nTfrineef
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Consider a point source of monochromatic radiation at frequency v0 having
intensity b, i.e., a sine-wave generator at infinity. The incident plane wave
reaches the second antenna a time t = D cos <j>/c after reaching the first an
tenna where c, D, and 0 are defined in Figure 9-5. The integration time t is
short with respect to changes in t produced by the rotation of the earth. If
the received voltages are represented in complex form as

/Fexp (i27rv0t),
v 2 = V b e x p [ i 2 < i r v 0 ( t - r ) ] , ( 9 - 1 5 )

where i is V^T, then the response of the interferometer, which is a correla-

Figure 9-5. A schematic diagram of a two-element interferometer which measures the Fourier
components of the radio image.
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First	Resolution	of	a	Maser	“Spot”	(1968)



VLBI	Image	of	W3	Maser
Palomar	Sky	Survey	Image	
of	W3	HII	Region	



Proper	Motions	(left)	and	Magnetic	Field	Strength	(right)	
in	W3	OH	Maser	(1986)	with	US	VLBI	Network	(NUG)
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Motions of OH Masers in W3(OH): 1978-1986 

Bloemhof, Reid, and Moran, 1996, Ap.J.(Lett.) 467, L117

20	mas



NGC4258	(M106)



Water	Vapor	Maser	Discoveries	in	NGC4258

© 1993 Nature  Publishing Group

©          Nature Publishing Group1984
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Nature	1982

Nakai,	Inoue	&	Miyoshi,	Nature	1993

300 500													700
V	(km	s-1)

S(
Jy
)OVRO,	1024	channel	spectrometer

NRO,	16,384	channel	spectrometer

Red	high	velocitySystemicBlue	high	velocity

616 – 523	 transition
λ =	1.35	cm



The	NRAO	Very	Long	Baseline	Array	(1994+)

Maximum	Baseline	=	8000	km,	Resolution	=	200	microarcseconds	at	1.3	cm	wavelength



Water	Masers	in	NGC4258

Myoshi et	at,	1995,	Nature;	Herrnstein	et	al,	2005,	Humphreys,	et	al.,	2013



We used a nonlinear, multiple GaussianYcomponent least-
squares !2 minimization routine that we dimensioned for a max-
imum of 84 time-varying Gaussians and 40 epochs of data in any
given fit, which was limited by computational factors. Each
maser component was represented by a Doppler velocity vlos(t0)
at a reference time t0, a linear velocity drift v̇los, and a line width
and amplitude at every epoch.We could choose to solve for either
constant or time-varying component line widths. We set a priori
line widths to prevent the large deviations from physical values
expected for maser line widths at gas kinetic temperatures of 400
to 1000 K. The a priori determinations were included as extra

data points in the fit, and typically prevented deviations of greater
than 4 times the a priori uncertainties. The reference time was
chosen to be near the middle of the monitoring period. All veloc-
ities in this paper are quoted for a t0 of 1999 October 10, or mon-
itoring day 2000, unless stated otherwise.

We note that the fitting of linear velocity drifts is an approx-
imation for particles on circular orbits in a disk in which vlos ¼
vrot cos (!"t þ "0)þ vsys, where vrot is the rotational velocity at
any given r, ! is the angular velocity,"t ¼ t # t0, and "0 is the
angle from the midline at a reference time t0. From Monte Carlo
simulations, we estimate that the maximum error we introduce by
using this approximation is 0.1 km s#1 yr#1. We chose the linear
approximation in order to determine velocity drifts without any
model assumptions.

3.1. High-Velocity Emission

The high-velocity spectrum consists of isolated blends of
small numbers of components with low drift rates (Figs. 1 and 2).
To facilitate the decomposition, we divided the high-velocity spec-
tra into individual blends, of typical velocity extent 10Y20 km s#1.
We performed the fitting of each blend iteratively. First, we
identified the number of prominent peaks in the blend at a high-
sensitivity and high spectral resolution epoch (e.g., 1998 Sep-
tember 5). We fit this number of Gaussian functions to the data

Fig. 2.—(a) Velocity vs. time plot for systemic components using data from
1998 January 27 to 2000August 12, during which sampling was every$3months.
Drifts in Doppler velocities of strong components are clearly evident and consistent
with centripetal accelerations. The dashed line marks the galactic systemic velocity
of 472 km s#1. (b) Corresponding plot for redshifted components. Small magni-
tudes of drifts in component Doppler velocities are consistent with near-zero ob-
served accelerations for components near the disk midline.

Fig. 1.—(a) Sky positions for 22 GHzmaser emission in NGC 4258 obtained
using VLBI on 18 epochs from 1997 March 6 to 2000 August 12 described in
Paper I. Redshifted high-velocity emission occurs from 3 to 8 mas in the disk;
low-velocity emission occurs in the range #1 to 1 mas and blueshifted high-ve-
locity emission in the range 5Y9mas. Note that (0; 0) in the plot does not represent
the disk dynamical center. (b) GBT spectrum of redshifted high-velocity emission
fromModjaz et al. (2005) obtained on 2003October 23. The 1 # noise in the spec-
trum is 1.6 mJy. The arrowmarks weak, newly detected emission at 1652 km s#1

(Paper I ). (c) GBT spectrum of low-velocity maser emission. The arrows mark
emission extrema. The dotted line denotes the galactic systemic velocity of
472 km s#1 (Cecil et al. 1992). (d ) GBTspectrum of blueshifted maser emission.
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Measuring	Distance

1. Proper	motions	(8	μas/year)

2. Accelerations	(9	km/s/year)

D	=	R/θ

a	=	Vr2/R

D	=	Vr2/aθ

Cartoon	of	Accretion	Disk	Megamaser

D	=	7.54	+/- 0.20	(3%)	Mpc
Riess et	al.,	2016;	Humphreys	et	al.,	2013



Acceleration of the “1306” kms-1 Feature

Humphreys et al. 2013



Measurement	of	the	Thickness	of	the	Accretion
Disk	in	the	Vicinity	of	the	Systemic	Features

Argon,	et	al.,	Ap.J.,	659,	1040,	2007
may be the first directly measured thickness for an accretion disk
around any black hole. In hydrostatic equilibrium the accretion
disk is expected to have a Gaussian distribution of density as a
function of height with ! ¼ rcs/v", where r is the radius, v" is the
orbital velocity, and cs is the sound speed (Frank et al. 2002).
Note that v"/r ¼ (GM /r 3)1/2 ¼ !, which is the slope of the im-
pact parameter versus velocity curve of Figure 10 and equals
2:67 ; 10"10 s"1. Hence, for ! ¼ 5:1 #as or 5:5 ; 1014 cm, we
obtain cs ¼ 1:5 km s"1, corresponding to a temperature of about
600 K (about half the limit given by Moran et al. 1995). This
temperature is consistent with the 400Y1000 K range that is be-
lieved to be necessary for maser action from H2O (Elitzur 1992).
Furthermore, the inferred sound speed is comparable to the line
width of individual maser Doppler components seen in spectra,
which is consistent with maser saturation. We note that in our
discussion, we have assumed that the maser distribution samples
the full thickness of the accretion disk, rather than a surface layer,
whose depth could be well below that of the physical disk. This
assumption is consistent with the disk models of Neufeld &
Maloney (1995) for radiatively efficient accretion. A more de-
tailed inspection of residuals from models fitted to maser spot
distributions (e.g., residuals arising from an antisymmetric offset
perpendicular to the disk plane, caused by irradiation of ‘‘upper’’
and ‘‘lower’’ surfaces of the disk for high-velocity redshifted and
blueshifted masers) is necessary for further comment. We also
note that the measured thickness places a limit on the magnetic
pressure. The magnetic field strength must be less than about
100 mG, which is about the current limit from the nondetection
of the Zeeman effect (Modjaz et al. 2005).

Highly redshifted emission.—Redshifted emission at velocities
31460 km s"1 has been mapped here for the first time. Emission
at 1647 km s"1 was first reported by Modjaz et al. (2005) in a
single-dish spectrum, while the 1566 km s"1 Doppler component
was previously unknown. The detection of these very high ve-
locity emissions enables the midline of the disk, along which the
rotation curve is apparent, to be traced to about 30% smaller radii
(#0.11 pc) than before. This innermost radius is now also#20%
smaller than that for the low-velocity emission. Perhaps most im-
portantly, the radius of the 1647 km s"1 emission is small enough
that curvature in the disk is directly observable, which will enable
more robust geometric modeling of the warp (cf. Miyoshi et al.
1995; Herrnstein et al. 1998).

The low-velocity emission was shown by Herrnstein et al.
(2005) to originate near the bottom of a concave depression on
the near side of the disk, where our line of sight is tangent to the
disk. We note that in contrast, the 1566 km s"1 component lies
near the topmost portion of the spine of the disk projected on
the sky. For an ‘‘alien’’ observer viewing the disk edge-on along a

line of sight close to our sky plane, the material we perceive
at 1566 km s"1 would probably be responsible for strong low-
velocity emission. Conceivably, the intensity of that emission
would be boosted by seed photons from the northern lobe of the
radio jet, much as the low-velocity emission visible to earthbound
observers is believed to be boosted by the southern lobe of the jet
(Herrnstein et al. 1997). The resulting (competitive) beaming of
maser energy along a radial path may be responsible for the low
intensity of the 1566 km s"1 emission, for which the dominant
gain path is orthogonal.

Source symmetry.—Early VLBI maps of the maser emission
exhibited asymmetry, wherein the blueshifted high-velocity emis-
sion spanned a truncated range of radii compared to redshifted
emission (Miyoshi et al. 1995). It was unclear whether this was
a reflection of limited sensitivity (since the blueshifted emission is
quite weak) or a ramification of unmodeled disk structure. Detec-
tion of emission over a broader range of radius (i.e., velocity) has
been accomplished since then. Nakai et al. (1995) first observed a
broader range via single-dish spectroscopy, detecting emission
near"300 and"500 km s"1 one time each, in#20 epochs spaced
over #200 days. In their Figure 3, Herrnstein et al. (2005) also
show data derived from a VLBI detection of blueshifted emission
near "300 and "500 km s"1 at one epoch in 1996 September.
With new detections shown in our Figure 13 at approximately
"285 km s"1 (seven epochs over 2Y3 yr) and approximately
"515 km s"1 (two epochs over 8 days), we confirm the distribu-
tion of blueshifted high-velocity emission over a#0.1 pc range of

Fig. 9.—Histogram as in Fig. 8 formasers >250mJy but for the velocity range
485Y510 km s"1 (east offset "0.1 to 0.0 mas). This is the velocity range over
which the model accretion disk (Herrnstein et al. 2005) is viewed edge-on. The
distribution of strong masers is nearly Gaussian (see superposed curve) with
FWHM of #12 #as (! # 5:1 #as), which we interpret to be the underlying ac-
cretion disk thickness.

Fig. 10.—Position-velocity diagram for all epochs superposed. Positive im-
pact parameters are to the east. The linear gradient in low-velocity emission is
characteristic of emission from material in highly inclined circular orbits over a
narrow range of radii. The fitted straight line marks the locus for emission at a
single radius. (A steeper line indicates a smaller radius.) High-velocity masers
trace declining rotation curves, which are fitted here in position-velocity space
and shown for Keplerian orbits. Good agreement with themodel v" vsys / jbj"0:5,
where vsys is systemic velocity and b is impact parameter, suggests that the high-
velocity emission arises close to a single diameter through the underlying disk and
that warping is of second-order importance (e.g.,Miyoshi et al. 1995).We note that
the Doppler components at 1566 and 1647 km s"1 appear to arise inside the mean
radius of the low-velocity emission. Nothing has previously been mapped at these
small radii. LSR velocities are defined assuming the nonrelativistic radio definition
of Doppler shift (left axis) or relativistic radio definition of Doppler shift (right
axis).

TOWARD NEW GEOMETRIC DISTANCE TO NGC 4258. I. 1055No. 2, 2007



Search for Zeeman Splitting of Maser Features 
in NGC 4258 (B	<	30	mG)	

VLA Spectrum                      GBT Spectrum
Modjaz, Moran, Kondratko, & Greenhill, ApJ 2005
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RadioAstron Satellite	(launched	2011)



NGC4258	VLBI	Observations

Stations:	Radioastron,	GBT

Observations:	18	December	2014	(fringe	spacing	=	110	μas (1.9	ED)
(fringes	parallel	to	maser	disk)	duration	60	minutes

16	March	2016	(fringe	spacing	=	11	μas (19.5	ED)
(fringes	perpendicular	to	maser	disk)	duration	74	minutes

Spectroscopy:	Systemic	features	only	(no	high	velocity)
resolution	7.8	kHz	(0.1	km/s;	smoothed	to	0.3	km/s)



Observations	of	NGC4258	with	Fringes
Parallel	and	Perpendicular	to	Accretion	Disk

In 
"0X

<sf-

Systemic
velocity	maser
in	accretion	disk

Fringe	orientation
16	March	2016
perpendicular

Fringe	orientation
18	December	2014
parallel



RadioAstron – GBT	Visibility	Spectrum	of	
Systemic	Velocity	Group	of	Masers
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Hubble	Constant	Estimates	from	Maser
Cosmology	Project	(MCP)

 50  60  70  80  90  100
Hubble Constant

CGCG	074-064

NGC	5765b

NGC	6323

NGC	6424

UGC	3789

Average	of	5	galaxies		71	± 4.0	(6%)

UGC	3789	(49.6	+/- 5.1	Mpc)	Reid	et	al.,	2013								NGC	5765b	(126	+/- 11	Mpc)									Gao et	al.,	2016
NGC	6264	(137	+/- 19	Mpc)			Kuo et	al.,	2013									CGCG	074-064	(83.9	+/- 7.4	Mpc)	Pesce (thesis)	2018
NGC	6323	(107	+/- 42	Mpc)			Kuo et	al.,	2015

JM	compilation	from	publications

(km-1 s Mpc-1)



Some	Recent	Hubble	Constant	Determinations

S-Z	Effect	(Bonamente,	et	al.,		2006)

Gravitational	Lensing	(4)	(Suyu,	et	al.,	2018)

Hubble	Key	Project	(Freedman,	et	al.,	2012)

Cepheids +	SN	Ia (Riess,	et	al.,	2018)

MCP	(Braatz,	et	al.,	2018)

Cepheids/NGC4258	(Riess et	al.,	2016/Humphreys,	et	al.,	2013)

CMB/WMAP	(Hinshaw,	et	al.,	2013)

CMB/Planck	Collaboration,	2018)

(km	s-1 Mpc-1)
 64  66  68  70  72  74  76  78  80  82

Hubble Constant



Summary
• Maser	trace	the	dynamics	of	stellar	outflows	and	
AGN	accretion	disks

• NGC4258	is	an	ideal	test	bed	for	accretion	
dynamics

• Some	properties	of	the	accretion	disk
• Accretion	disk	is	very	thin:	h/R	~	0.0002
• Masers	spots	very	small:	<	3	𝛍as	or	2	x	1015	cm		
• Distance	is	known	extremely	well:	7.5	+/- 0.2	Mpc
• NGC4258	anchors	the	Cepheid	distance	scale
• Ho =	71	+/- 4.0	km/s/Mpc (5	megamasers)
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