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Diffusive shock acceleration requires a 
precursor in which particles scatter back and 
forth between the shock jump and MHD 
turbulence (e.g., Blandford and Eichler, 1987)

Dissipation of the turbulence will heat and 
accelerate the gas in a precursor.
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I. Balmer-dominated filaments in SNRs

II. Evidence of CR precursor from observations 
of Balmer-dominated filaments.

III. The case of Tycho :

 Discovery of Narrow Precursor in Tycho
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Balmer-dominated filament
A faint optical filament whose spectrum is 
dominated by hydrogen Balmer lines.

Cygnus Loop : SII(R), Ha(G), OIII(B)
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HST image of Balmer-dominated filaments



Scientific Justification

Shock waves in the ISM are collisionless, and the energy dissipation and heating at the shock

transitions result from plasma turbulence and electromagnetic fields. As a result, these shocks do

not partition energy equally among different particle species, and they accelerate cosmic rays and

the electrons that produce radio and X-ray synchrotron emission. This is important both because

the efficiency of cosmic ray acceleration is poorly understood, and because most observations of

shocked gas are sensitive only to the electron temperature, so that the electron-proton tempera-

ture ratio, , must be understood to interpret observations correctly. Cosmic ray acceleration

models require a precursor in which particles bounce back and forth between the shock jump and

upstream turbulence. This precursor has only been modeled in general terms, and observations of

the precursor can constrain the key parameters of acceleration models, the diffusion coefficient

and the injection efficiency (e.g. Blandford & Eichler 1987; Boulares & Cox 1988).

Fast supernova remnant (SNR) shocks in partially neutral gas produce faint Balmer line emis-

sion in a very narrow zone just behind the shock, where some of the hydrogen atoms swept up by

the shock are excited before they are ionized. Because the emission comes from a region so close

to the shock, there is no time for Coulomb collisions or plasma processes to erase the signatures of

the plasma conditions at the shock itself. These atoms also produce emission from the precursor,

because the plasma is heated and compressed. We propose to obtain an ACS H image of Tycho’s

SNR to study the energy partition and shock precursor, and to more accurately determine shock

parameters and heating processes.

Figure 1a) H image of Knot g in Tycho’s SNR. 1b) Low resolution H profi le of Tycho Knot g

showing the broad (1765 km/s, FWHM) and narrow components (Ghavamian et al. 2001).

Several unique diagnostics for collisionless shocks result from the nature of the Balmer line

profiles. A neutral atom passing through the shock is not affected by electromagnetic fields at

the shock transition. Some atoms retain their pre-shock velocity distribution, giving a narrow

line profile component characteristic of the pre-shock temperature. Other atoms undergo charge

transfer with post-shock protons, giving a broad component whose line width is controlled by (and

comparable to) to the shock speed (Fig. 1b). The intensity ratio of these components is controlled

by . While several contradictory models for exist, none has been widely accepted.

1

Balmer-dominated filament

found in young SNRs (Vs > 1000km/s)

Tycho, Kepler, SN1006 etc.

Ha line profile shows two distinct 
components : narrow(~40km/s) & broad 
(~Vs)

represents a non-radiative shock into a 
partially neutral medium.



Theory of Non-radiative Shock 
into a Partially Neutral Medium 

As the shock is collisionless, a neutral atom 
passing through the shock is not affected by 
electromagnetic fields at the shock transition. 

Some atoms retain their pre-shock velocity 
distribution, giving a narrow line profile 
component characteristic of the pre-shock 
temperature. 

Other atoms undergo charge transfer with post-
shock protons, giving a broad component whose 
line width is controlled by (and comparable to) 
to the shock speed

Hot Ion
Hot Neutral

Cold Ion
Cold Neutral



The narrow component should show 
characteristics of the pre-shock gas



And if there is a CR precursor,
the narrow component will represents 

this gas in the precursor which is heated 
and accelerated.

Broadening & Doppler Shift



Broadening

~ 40km/s for most SNRs observed 
(e.g., Sollerman et al, 2001)

corresponds to T=40,000K. No 
neutral hydrogen expected.
heated in a narrow (CR) 
precursor? 

Sollerman et al. (2003)



Doppler Shift

Long-slit observation of LMC 
SNRs (Smith et al. 1994) do not 
show doppler shift.

Gas acceleration in the precursor 
(~10 km/s) is proposed for Tycho 
(Lee et al, 2004).

0505-67.9



Some indications of CR precursor.



Hα profile from CR precursor only
is observed.

Comparison w/ unperturbed medium 
has not been possible.



Tycho

A remnant of Type Ia 
supernova that occurred in 
the year 1572 (Baade, 1945)

Distance ~ 2.3 kpc

Vs ~ 2,000 km/s

Tycho in X-ray



Tycho in Ha
(Ghavamian et al, 2000)

Hα profile

• Narrow ~  40 km/s

• Broad ~ 2,000 km/s
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Tycho in Ha
(Ghavamian et al, 2000)

Photoionization Precursor

• Existence of Photo-
Ionization Precursor (PIP, 
Ghavamian et al, 2000)

• Weak Ha emission (~1 pc)

• Ionized by HeII emission 
from postshock gas 

• T ~ 12,000 K



PIP vs. Knot g



PIP vs. Knot g

Unperturbed

Perturbed



SUBARU Hα Echelle Long slit

• SUBARU 8m telescope

• Echelle : dV ~ 10 km/s

• long slit : spatial 
variation of Ha profile
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Fig. 2.— (a) Hα spectrum of Knot g and the PIP. The spectrum of Knot g is fitted with

three Gaussian components, and two narrowest components are displayed (thin dashed)

together with their sum (thin solid). (b) Same as (a) except the full observed velocity range

is presented and the spectra are binned. The Knot g broad component from the above fit is

displayed as a thin solid line.
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Fig. 1.— (a) Hα image of Tycho knot g with position of the slit overlayed. (b) The fully-

processed Hα 2-d spectrum. The bright portion at the bottom is knot g.

3×30 minute of source exposure was obtained, and a same amount of exposure for nearby

sky. The spectrum was binned by 2 along the slit direction and 4 along the dispersion

direction before the readout. The pixel scale after the binning is 0.27′′ (9.3 × 1015 cm at a

distance of 2.3 kpc) along the slit direction and 0.08 Å along the dispersion direction. The

slit width was 2′′, which gives velocity resolution of 17 km s−1. The weather condition was

quite good and the typical seeing was between 0.5 ± 0.1′′.

The data processing includes a typical CCD preprocessing and two-dimensional

spectrum extraction. A two dimensional wavelength calibration solution is obtained from

the spectrum of Th-Ar lamp, which was applied to the object spectrum. The source

spectrum was sky-subtracted, and normalized using the spectrum of standard stars. The

uncertainty in the wavelength calibration is estimated to be around 0.2 km s−1 at the

location of Hα.

In Fig. 1(b), we present the fully processed two dimensional spectrum. The brighter

PIP

Knot g

Ha profile of Knot g shows 
broadening & doppler shift

relative to that of PIP
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Fig. 3.— (top) Integrated intensities along the slit position of Hα spectrum for a given

velocity range. The thin solid line is for −60 < vLSR < 10 km s−1, representative of Hα

narrow component, while the thick solid for −400 < vLSR < −120 km s−1 and +100 <

vLSR < +350 km s−1, of broad component. The thick dashed line is for total intensity

(−400 < vLSR < +350 km s−1). (middle, bottom) central velocities and FWHMs from the

spectral fit with a single Gaussian. The proposed location of shock front is marked as a

vertical dashed line.

Knot g PIP

Ha profile of Knot g 
shows both broadening 
and doppler shift 
relative to the PIP

FWHM of the narrow 
component alone of 
Knot g is about 45~50 
km/s.

Single Gaussian fit along the slit
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Knot g PIP
Location of Shock Front

sudden increase of 
broad component

S.
F.
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Fig. 3.— (top) Integrated intensities along the slit position of Hα spectrum for a given

velocity range. The thin solid line is for −60 < vLSR < 10 km s−1, representative of Hα

narrow component, while the thick solid for −400 < vLSR < −120 km s−1 and +100 <

vLSR < +350 km s−1, of broad component. The thick dashed line is for total intensity

(−400 < vLSR < +350 km s−1). (middle, bottom) central velocities and FWHMs from the

spectral fit with a single Gaussian. The proposed location of shock front is marked as a

vertical dashed line.

Knot g PIP
Location of Shock Front

sudden increase of 
broad component

Narrow precursor w/ 
gradual increase of 
intensity & FWHM

S.
F.

A CR precursor?



Thickness ~1016 cm

Line width gradually increase from 30 km/s to 
45 km/s.

Ha intensity increase of factor a few (emissivity 
increase ~ a few hundred)

∆Vr ~ 5 km/s (∆V ~ 60 - 130 km/s)

Significant fraction of the line broadening is 
non-thermal in origin (~ 20 uG)

A possible CR Precursor



Thickness of the precursor is ~κ/Vs, where κ is 
diffusion coefficient.

 ⇒ κ ~ 2 × 1025 cm2 s-1

This should be regarded a lower limit as we 
may have underestimated the precursor 
thickness

small ∆V~100 km/s (cf. Vs ~ 2,000 km/s)  ⇒ 
CR pressure does not dominate the gas 
pressure.



It seems that the Balmer-dominated filaments is only 
seen where the CR acceleration is not efficient enough.

SN1006 in X-ray SN1006 in Ha



Summary
Diagnostics of Balmer-dominated shock serve 
as a useful tool for CR precursor study.

Narrow (~10^16 cm) precursor with gas heating 
and acceleration is observed in Tycho, which is 
likely to be a CR precursor.

Dissipation of MHD turbulence in the 
precursor seems to be inefficient

A CR pressure may not dominate Gas pressure 
in the Balmer-dominated filaments.



Thank you.



Instead of a precursor,
can it be due to a geometrical projection?

No



Can it be other kind of precursor 
instead of CR precursor?

It seems NOT, 
but no hard evidence against this.



Tycho in 12CO(1-0) 
(Lee et al, 2004)

Gas Acceleration in Precursor
Possible interaction with 
Molecular Cloud (Lee et 
al, 2004)

Non-negligible velocity 
difference (~10 km/s) 
between MC & Ha narrow 
component.

Lee et al (2004) attributed 
this to a gas acceleration 
in the precursor.


