Lecture 8 - Warm lonized Medium (WIM)
(“Measure by Measure”)

Introduction to the WIM
Pulsar Dispersion and the DM
Hoa Emission and the EM

Tentative Summary
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1. Introduction to the WIM

lonized gas outside of localized HIl regions has been known since
1938 (Struve and Elvey, ApJ, 88, 364). Significant progress awaited

the discovery of pulsars (1968) and the capability to map optical
emission lines, especially Ha (Reynolds et al. at the University of

Wisconsin). In ay216 2006 06, JRG listed the techniques used
to study the WIM. We focus on just the first few: the pulsar
dispersion (DM) and emission lines and the emission measure (EM).

» Pulsar dispersion measure
+ Cordes et al. 1991 Nature 354 121
+ Taylor & Cordes 1993 ApJ 411 674
Optical emission lines: Ha, [SI1], [NII]
+ WHAM: Reynolds 1985 ApJ 294 256, Haffner et al. 2003 ApJSS
149 405
COBE
+ N* 205 ym
Radio recombination lines (ELDWIM)
+ Heiles Reach & Koo 1996 ApJ 466 191
Models
+ McKee & Osiriker 1977 ApJ 218 148
+ Kulkarni & Heiles 1988 Galactic & Extragalactic Radio Astronomy
+ Reynolds 1991 ApJL 372 17
AY216 + Slavin McKee & Hollenbach 2000 ApJ 541 218 5



2. Refraction by the Interstellar Plasma

Rybicki & Lightman (Ch.8) show that an EM wave traveling in an
lonized gas satisfies the following form of Maxwell’'s Equations

Vﬁ—ij—eﬁ 0 where ¢E=E +4nP
C t

Propagating wave solutions with definite wave-vector and frequency
_ i(k-F-wt)
E=FEge

then satisfy a condition relating the dielectric coefficient £ and the
Index of refraction n

2 2 27 2 _ ()

Ki=eky =n’ky k=

It is easy to derive the index of refraction for a collisionless
plasma by solving the equation of motion for an electron
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Refraction by the Interstellar Plasma (cont’d)

The resultant polarization Is

2 2

— . n=~ - n

P=n(-e)r=——==FE and ¢eE=E+4n-——=E

m_w m_ @
so that
2 2 2 2
4n e’ w, » 4dmne
e=1- —=1-—> where |w =
m_@ w m,

defines the plasma frequency with numerical values

w., =5.64x10* n'? Hz, v, =8.979x10° n'"* Hz
pl e pl e

According to the formula, o 2
g=1-—"

2
w

frequencies higher than the plasma frequency travel without attenuation;
likewise the dielectric coefficient and index of refraction are real:
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Index of Refraction and Group velocity

2

n=\/g=\/l—wp12

w

The phase and group velocities are

w wl ¢ ; dw 1 1 c
ph = T T ar - - -

k kyn n dk dw dkon iwn

dk dw dw

The last equation can be transformed
Amet o= 1 1
dw dw " \/wz - wp12 \/l - wpl2 /w? N
so that

c 2
vpy=— and v =cn and v,v =c

NB: These are equations for the phase and group velocities (not frequencies)
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Dispersion Measure

Radio waves with frequencies greater than the plasma frequency travel
at the group velocity, which increases with frequency

2
/ ()

1

v, =nc=cq/l-—5
()

The time to travel a distance d is, to first order in (w,/ @),
d d 2 2 d
w
r(w)=fds ! slfds1+l p12 =£+ 4o fdsne
0 c\/l—wplz/w2 € 2w

The relevant quantity is the derivative of the time delay with frequency,
not its absolute value. Defining the dispersion measure,

d
DM = [ dsn,
0
the differential time delay is
4 2
dt(w) __ Ame _pM
dw m.cw
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DM Towards Pulsars in Globular Clusters (GC)
and The Magellenic Clouds (MC)

o] MC —

Solid lineis n,=0.03 cm™® /XA
Dashed line is: o N v i
n, = 0.03 cm-3cosh2(z/h) DM'sinb w2 G k-
with h = 500 and 800 pc wwv | oo = 4 |
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With precise timing capability, pulsars help map the
electron distribution of the Milky Way: The WIM extends
vertically ~1 kpc above the galactic plane.
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Longitudinal Variation of the DM

One difficulty with pulsars is the
uncertainty in distance, needed
to convert DM to electron density.
Methods to consider are:

e association with SNRs

* HI absorption o0 MR PR

 parallax L o j et

e distance to binary companion gt e LT .’.

y p ;‘ Qi " c”. fgﬂ"ﬂr&t‘s -' '. .“:' "

Using n, ~ 0.03 cm=3is not a

bad way start. (ude. Note the Sefet of highdisprmsion poltere o lontivaies o oy
pared with the corresponding zone 2807 -310° on the other side ol the Galactic

oenter

To analyze the DM pulsar data,
Cordes & Taylor invoke a model
of the spiral structure of the Milky
Way based on other observations.

Asymmetric distribution of DM
values toward 500 pulsars.

Taylor & Cordes, ApJ 411 674 1993
Typical values are 100 cm3 pc, but

some approach 500 cm pc
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Milky Way Spiral Arms

Sun

spiral arm labels
1. Norma

2. Scutum-Crux
3. Sgr-Carina

4. Perseus

Fii. 1.—Spral model of the Galaxy after Georgelin & Georgelin [1976),
with updates Circles represent H il regrons. and hatched areas correspond to
the directions of intensiy maxuma in the thermal radio continuem and neutral
hydrogen emission. The speral pattern traces the arms defined by interpolatng
[able 1 wath i cubic sphine

Modification by Taylor & Cordes of spiral arm picture of
Georgelin & Georgelin (A&A, 49, 57, 1976) that combines
observations of HI and radio continuum emission with the
locations of giant HII regions.
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Results of Taylor & Cordes Analysis

PULSAR DISTANCES AND FREE-ELECTRON DISTRIBUTION

spiral arm names
1. Sgr-Carina

2. Scutum-Crux

1’. Norma

2’. Perseus

arm 1’ w2

Electron density looking down on the center of the galaxy.
Sun is at the top. Distance scales cover -10 to +10 kpc.
n,~ 0.02 near the Sun and ~ 0.2 in the outer part of arm 2
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Galactic Distribution of Electron Density
Taylor & Cordes (1993)

0.1 radlal
upper label:
inner galaxy
10 kpc middle curve:
_ spiral arms
0.1 e oo vertical
F lower curve:
outer disk
1 kpc
Fag., Y —Electron densities as functio of Galactocentnc ra and
detance lrom I galactic ;I ¢ |z '.'l llu' aul cine le .»I ur
Jel. (Note that although the m Jlru I nrl ilp(
rh: modalations wilh respect 1o r and 2, Jdef l l oy | ) a d |17], are
’nl <.) The 1 ependence nl the -"-::’ disk component is shown for
F 5kpe

Pulsar DM show a substantlal galactic electron density. Although
thermal considerations indicate regions of low density and high

temperature, other considerations are needed to show this.
AY216
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3. Galactic H-Alpha Observations and EM

WHAM = Wisconsin H-Alpha Mapper
(a big name for a small telescope, but
WHAM leads to WIM)

e The Wisconsin Ha T TT—
Mapper surveys the '
distribution &
kinematics (£100 km/s)
of Galactic HII 8 > -30°

» Angular resolution 1°
» Velocity resolution 12
km/s

+ First flux calibrated,

kinematic maps of the
WIM

* He, S, N+, O¢, & O+
e 63-cm telescope

* Dual etalon Fabry-
Perot

AY216 12



WHAM Ha Map

120 150 140 130 120 I 110 100 30 80 0

FIG. 6. High-resolution He map of a %°x70° portion of the sky centered on (/=115°, b=07) at velocities between —60 and
40kms™!, from the WHAM survey. Figure courtesy of L. M. Haffner. [Color]

90°x70° map centered at (I = 115°, b = 0°)
AY216
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WHAM Ha Global Map

NB Diffuse white regions are the brightest. Other white areas are unmapped.
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The Emission Measure

Ha line emission is recombination radiation (discussed in Lec03).
Ignoring absorption (n = 2 H atoms, dust, etc.), its intensity is

I,(Ha) = }Wi—;m) [ ds n.n(Ha(Hor)

where a(Ha) is the rate at which recombining electrons and protons
produce Ha photons. This quantity is almost the same as o, (c.f. Lec03).
Osterbrock & Ferland (Table 42.) express it terms of an effective
recombination coefficient to produce HS and the Ha/ Hp ratio:

a(Ho) =7.86x107 7, 'cm’ s

This is ~ 2/3 a,. If we assume that the physical conditions do not vary over
the line of sight, and that n, = n(H*), the Ha intensity is determined by

the line integral of the square of the electron density, called the
emission measure:

EM = fds n’
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WIM from WHAM
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WHAM to WIM
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Main Results of Haffner et al. (1999)

1. Sl 6716 and NIl 6583 anti-correlate with Ha.
2. Hao decreases with z

3. Sl 6716/NIl 6583 is approximately constant
4. Ol 6300 is weak

Conclusions (for low density & optically thin lines):.

 Hais determined by <n? >; it may also be sensitive to T
through a(Ha) ~ 1/T.
HRT find an exponential decline of n, with z and that
the WIM extends to 2 kpc above the plane (slide 20)

2. Sll and NII are individually sensitive to T through the
standard collisional rate coefficient
ki, ~ Q, T exp(-T,/T).
But T is 22,000 K for both transitions, and the collision
strengths are similar.
Sulfur and nitrogen may be largely in S* and N*
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Results of Haffner et al.

3. S+ is produced by FUV photoionization of S

N+ is produced by EUV photoionization of N
But IP(S*) =23.3 eV and IP(N*) = 29.6 eV, so EUV photo-
lonization of S is likely.

HRT SII/NII ratio data suggest that only some of the sulfur is S+

4. The OI 6300 A line is weak.
The likely explanation is fast near-resonant charge exchange

(LecO7):
n(0") k(H+O0") n(H") . 9 n(H")
n(0O) k(O"+H) n(H) 8 n(H)
This is consistent with the expectation that x(H+) >> x(H), and implies

x(O+) >> x(O). If most of the oxygen is in O++, the OIl 3700 A line
should be strong -- something that could be checked observationally.

(T >> 300K)

5. The HRT analysis of line ratios yields T ~ 8,000 K (6,000-10,000 K),
consistent with the line widths.
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Scale Height of the WIM

HRT fit the WHAM Ha intensity
for the Perseus arm after | (Ha)
subtracting the local emission.
The bottom line is a large scale
Height: H =1 kpc

n.(z) =n,0) "

H =1kpc

LR W

Total
] Local

™| Perseus

Over the entire galaxy, the

emission measure ranges Fro, 4—Natural logarithm of the median Hzx intensty between
{= 125 and 152° plottad vs. the tangent of Galactic latitode. Total

from (yse = — 100 to +100 km s~ ), Local {o g, = —25 to + 100 km 5~ *} and
Perseus arm (o5, = — 100 to —25 km s~ ') emission are deoted by

E M ~ 9 - 23 cMm -6 p C squares, dinmonds, and vertical bars, respectively. A linear best fit to the

Perseus arm emission above b= — 15 is displayed as a solid line, The

dotted lineis a fit to the lower envelops of the data (see§ 3.2)

at the equator to
EM ~45cm*pc Haffner, Reynols, & Tufte

above the plane. ApJ 533 233 1999
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Comparison of EM and DM

Near the plane, we have these rough values:
EM = fdsn2 ~ 10 cm®pc
DM = Sdsn_, ~100-200cm®pc

The DM studies also give n,~ 0.03 cm3. But all these
results are mean values for a very inhomogeneous
medium - as shown in the WHAM maps.

Suppose the WIM extends 1 kpc above the mid-plane
of the Milky Way. If it were completely uniform, then
the DM and the EM would be, using n, = 0.03 cm-3:

EM =0.9cm®pc and DM = 30 cm® pc
These are off by an order of magnitude, indicating that
the electrons are in localized regions. To describe this
situation, we introduce a filling factor ¢.

AY216
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Filling Factor of the WIM

Follow Ferriere Sec. IlID:

pn=<nz2>=45-11.5cm® (c.f. DM)
pn,= <n,>= 0.025 cm3 (c.f. EM)

Division gives the electron density and substitution gives
the filling factor:

n, = 0.18-0.46 cm3

¢ =0.05-0.15

These are meant to be order of magnitude estimates.

Note that <n_>times 1 kpc ~ 10%° cm-2 so there is a
substantial column of H+ above the mid-plane.
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Energetics

The number of ionizing photons can be estimated from the
recombination rate

de n62a2 ~ EM az(SOOOK) =~ (10 Cm_6pc) (3X10'13cm3s-1)

=3x10"cm™pc s =10’cm™s™ =10 photons s™ kpc™
This is a very high rate, more than 1 O5 star per square kpc, (or
more than100 BO stars). It corresponds to a luminosity density
of 5x10° Lsun kpc? which, when integrated out 15 kpc, is
3x108 Lsun -- or 5% of the hot star luminosity of the Milky Way.

Thus O stars are able to ionize the WIM (other obvious

sources of lonizing radiation are weaker), but how do the

lonizing photons get from the location of these stars in the

thin disk of the Milky Way to far above the mid-plane?

 leakage from HIl regions

* HIl regions get large enough to break out into the WIM

 both the HI and the WIM provide low-density pathways for
escape (some possibilities can be seen in the WHAM images).

AY216
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38

Summary of WIM Properties

Main tools: pulsar DM and Ha EM (plus forbidden lines)
Strong influence of HII regions and spiral arms

<n,> = 0.025cm3, H=1Kkpc

n, =0.18-0.46 cm3, ¢ =0.05-0.15

T =6,000-10,000 K

EUV ionizes N and S, but is softer than in Hll regions
Pervasive inhomogeneous, near-fully ionized, medium
In a thick (2 kpc) disk with streamers (chimneys?) to
high latitudes and links to mid-plane HIl regions.

. Vertical column density of WIM H* comparable to HI
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