
NGC 4258: “One of 
Nature’s Most Beautiful 
Dynamical Systems”

Maser Disk Discovery + BH 
Measurement: Miyoshi+1995

Geometry of Disk + Mass Accretion 
Rate: Herrnstein+2008

More Geometry + Distance 
Measurement: Humphreys+2013



The Context of NGC 4258

Red: IR
Blue: x-ray
Purple: Radio

● Type II Seyfert

(Claussen+1984): 
H2O maser 
discovery

MASERS:

● Regions of intense 
microwave stimulated 
emission

(1) Coherent 
movement of gas.

(2) Long path 
lengths (called 
“gain lengths”).

DETECTING 
MASERS:



Miyoshi+1995: who can explain?

systemic

blueshiftedredshifted

Maser emission embedded  
in a disk surrounding a 

region with largest density 
ever observed

Key Features:

● Locations of masers
● Velocity curve
● Central mass
● Inner to Outer spread in 

emission is 
~0.14pc-0.28pc

● Systemic masers are 
below the center by 
0.02 pc suggested 
warping but edge-on 
disk

MBH = 3.6 x 107 M
⊙,

 ρcentral > 4 x 109 M
⊙
 pc 

-3



Herrnstein+2008: we can explain!

this disk geometry works and 
also makes predictions!

high velocity maser 
rotation curve 

inclination warp in 
disk

observed suggests

narrow y-axis 
distribution of 

masers inclination warp in 
the disk leading to 

“bowl” recurring flare from 
systemic masers

X-axis distribution + 
considering 

temperature for 
maser emission

accretion rate of 10-4α 
M

⊙
 year-1



systemic

blueshiftedredshifted

Humphreys+2013: what we know now
Key Features:

● 18 epochs of data, totalling 
more than 14,000 data points 
of (~1000 unique maser 
features)

● disk warping + differential 
precession in the disk

● new geometric distance 
measurement to the galaxy 
(with 3% error!!!!), and a new 
H0 measurement by 
calibrating Cepheids

D = 7.60 +/- 0.17 +/- 0.15 Mpc
H0 = 72.0 +/- 3.0 km s-1 Mpc-1



Miyoshi+1995

VLBA + VLA Observations of 
f0 = 22 GHz (1.35cm) 
transition of H2O

● velocity resolution: 0.2 km s-1

● microarcsecond position 
certainty 

● Edge-on Keplerian 
Disk (v(r)~r-1/2) 

● Disk stretching 
from 4mas-8mas

● height/radius < 
0.02

~475km/s

~1400km/s

~-450km/s



Miyoshi+1995 systemic masers
- can tell us position angle 

(~83o) inclination (~86o) of 
disk,  distance from 
center 

● high velocity 
masers allow us to 
calculate binding 
mass and central 
density

MBH = 3.6 x 107 M
⊙,

 ρcentral > 4 x 109 M
⊙
 pc 

-3

(1) Coherent 
movement of gas.

(2) Long path 
lengths (called 
“gain lengths”).

REMEMBER:

vl-o-s = (GM/R)1/2cos(θ)

dv/dθ = 0 at θ = 0o, 90o

No doppler shift



Miyoshi+1995: precision distance!

inner-most systemic 
velocity maser:
- 1,080 +/- 0.5 km/s rotational velocity
- velocity drift of 9.5 +/- 1.1 km/s/year

- 4.1 mas angular disk size

+

D = 6.4 +/- 0.9 Mpc



Miyoshi+1995: what’s left to do? lots...

● clustering of systemic 
masers?

● is the explanation for 
midline distribution 
accurate?

● background being 
mased is completely 
absent?

● systematic deviation 
from linear dependence 
on systemic feature?

● deviations of high 
velocity masers from 
planar geometry?

“velocity drift of high 
velocity masers could be 
readily measured in 
order to improve the 
definition of the disk and 
to estimate the distance 
more accurately”



Herrnstein+2005
1. What is the accretion rate?
2. What is the true geometry to 

explain the maser feature 
distribution?

Maximum likelihood analysis 
of multi-epoch data sets. 

Geometry
(inclination warped disk)

+
Accretion Rate

(Ṁ < 10-4α M
⊙ yr-1)



Question: Velocity Curve Fit of High Velocity Masers

deviations from a 
Keplerian orbit 

Solid Line: No warp
(Dashed lines: With a warp)



Question: Velocity Curve Fit of High Velocity Masers

Is it...a cluster of stars?

● ρc ~ 6 x 1011 M
⊙
 pc-3

● rc ~ 0.78 mas

● large rotation curve 

flattening of 10.9 km s-1 

compared to observed ~ 

8 km/s

schematic; density, velocity, and potential for a plummer 
model



Question: Velocity Curve Fit of High Velocity Masers

Is it...a massive disk?

● can calculate disk mass 

+ accretion rate

● result is unphysical for 

masing

(Neufield+1995)



Question: Velocity Curve Fit of High Velocity Masers

Is it...an inclination warp?

● For di/dr = 0.04+/-0.01 

mas-1, we get a flattening 

of ~9 km/s compared to 

observed 8 km/s

● Non-keplerian rotation is 

thus a projection effect



Question: Velocity Curve Fit of High Velocity Masers

what is the most likely explanation?

Inclination warp with 
di/dr = 0.04 mas-1 

star cluster at the 
center

massive disk



Question: Velocity Curve Fit of High Velocity Masers

what is the most likely explanation?

Inclination warp with 
di/dr = 0.04 mas-1 

“there are substantial unanswered questions surrounding the 
geometry of the systemic features. We then show that the 
inclination warp answers these questions convincingly.”



Question: Narrow y distribution of systemic masers

consider no warp (constant inclination) 

systemic masers amplify the background 
emission!

note that this view is a cross section in the z-direction (along line of sight)



Question: Narrow y distribution of systemic masers

consider with a warp! (a revised warp of 0.034 mas-1 as 
opposed to the calculated 0.04+/-0.01 mas-1)

“however, the fact that the high velocity fits lead to a geometry in which they systemic masers lie at a 
tangent point to the disk is either a remarkable coincidence or of physical significance”

note that this view is a cross section in the z-direction (along line of sight)



Question: Narrow y distribution of systemic masers
“however, the fact that the high velocity fits lead to a geometry in which they systemic masers lie at a 
tangent point to the disk is either a remarkable coincidence or of physical significance”

ionized gas exposed to 
x-ray source (τ > 2)

maser layer

● Internal to A: has to 

traverse two layers of 

ionized gas

● External to C: 

background is 

attenuated so no 

amplification (20x weaker 

signal)



Question: Narrow y distribution of systemic masers

● Internal to A: has to traverse 

two layers of ionized gas

● External to C: background is 

attenuated so no 

amplification (20x weaker 

signal)



Question: Narrow y distribution of systemic masers

● Internal to A: has to traverse 

two layers of ionized gas

● External to C: background is 

attenuated so no 

amplification (20x weaker 

signal)

arrow is location
of recurring flares in
the disk



Question: what’s causing the flare?

line-of-site velocity
gradient is minimum

ideal amplification 
condition

vsystemic ~ 474 km/s

another way to see this:

most ideal masing conditions are 20 km/s red of the systemic velocity



Question: what’s causing the flare?

Solid: 1996 flare  
maximum (492.6 km/s)

Dotted: 1997 flare 
maximum (494.6)



Question: what’s causing the flare?

Solid: 1996 Flare (492.6 km/s)
Dotted: 1997 Flare (494.6)

spectra of the flares 
suggest the flares are a 
recurring event a particular 
location in the disk

20 km/s red of the 
systemic velocity!

“flares arise as a result of a serendipitous alignment 
of and coherent self-amplification of masers along 
the bowl”



Question: what’s the true accretion rate?

rout

~ 10-4 α M
⊙
 yr-1

rcr

Neufield+Maloney (1995):
rcr: radius beyond which the disk is 
atomic (not molecular)

rout = 8.1 mas
rcr = 8.3 mas

Note: α is related to kinematic 
viscosity (v), local speed of sound 
in the disk (cs) and the scale 
height (H) through:

v = αcsH



A final picture



A final picture

Inclination 
warp

Non-Keplerian 
rotation

Narrow declination 
of systemic masers 
bc of bowl geometry

Recurring flare 20 
km/s red of systemic 

velocity

Accretion Rate 



The Current Standing (Humphreys+2013)

● 10 year monitoring 
program

● Kinematic and dynamic 
information 

● Additional of differential 
precession into model

D = 7.60 +/- 0.17 +/- 0.15 Mpc
H0 = 72.0 +/- 3.0 km s-1 Mpc-1



Thanks! 
Any questions?


