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Features perhaps related to FRB environments
1. No high-Q fast periodicities
• Cases of transient low-Q sub-sec periods
• Two cases of slow periodicities (windows of opportunity) 

(16d and 160d) suggestive of spin precession. Where is 
the spin?

2. Time frequency drifts
• Repeaters only (?)
• Variable numbers of spectral islands and drift rates 

3. Flat polarization angles across (some) bursts 
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bursts from MJD57,159 and MJD57,175. However, those
data were only incoherently dedispersed, and hence unresolved
burst structure may be the cause of the apparent spread in DMs
in the Spitler et al. (2016) sample. Furthermore, those DMs
were determined using an S/N-maximizing metric, and hence
are overestimated if there was unresolved, frequency-

dependent subburst structure like that seen in the sample
presented here.
In the upper left panel of Figure 1, we show the dynamic

spectrum of AO-00, the earliest 1.4 GHz burst from
FRB121102 detected using coherent dedispersion (first
presented as “burst 17” in Scholz et al. 2016), as it appears
dedispersed to 560.5 pc cm−3. The optimal DM value for

Figure 1. Dynamic spectra of the bursts (see Table 1), each dedispersed to DM=560.5 pc cm−3, and using a linear scaling in arbitrary units (the bursts are not flux
calibrated). The plotted dynamic spectra have been smoothed using a Savitzky–Golay filter (Savitzky & Golay 1964), which preserves higher moments of the peak
while providing a natural way to interpolate across modest gaps in the data due to RFI excision (indicated with red tick marks on the left). Larger gaps are indicated
with full red bars. The smoothing time and frequency scales are AO-00: 0.5 ms/25 MHz, AO-01–13: 0.5 ms/8 MHz, GB-01–04: 0.5 ms/55 MHz, and GB-BL:
0.05 ms/60 MHz. At the top of each panel, the band-integrated burst profile is shown, with the colored bars indicating the time spans of the subbursts used in the
fitting. Bursts AO-01 to AO-13 are the new bursts detected with Arecibo. For comparison, AO-00 is burst #17 from Scholz et al. (2016); the white lines show the
best-fit DM=559 pc cm−3 for that burst, which deviates significantly from the DM=560.5 pc cm−3 dispersive correction displayed here. GB-01 to GB-04 are the
four new GBT bursts detected at 2.0 GHz, and GB-BL is one of the 6.5 GHz GBT Breakthrough Listen bursts presented in Gajjar et al. (2018).
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suggests that the DM of FRB 121102 has increased by about 5–8 pc cm−3 
(or about 1.0–1.4%) compared to earlier detections14–16, confirming a 
trend seen before17 but this time with a larger significance level (Fig. 4). 
Combining all of the data, the averge slope is

d
dt
DM

= + 0.85 ± 0.10 pc cm yr . (2)−3 −1

The long-term trend relies heavily on earlier measurements, which 
is further explored in the Methods. This is inconsistent with the 

decreasing trend predicted for a freely expanding shell (for example, 
a supernova remnant) around the FRB source18, but is consistent with 
such a shell during the deceleration (Sedov–Taylor) phase19.

We detected no polarization in the bursts at 1.4 GHz, in contrast with 
higher frequency observations6 but consistent with previous results 
at similar frequencies17 (Methods).
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Fig. 2 | Burst rate distribution of the isotropic equivalent energy at 1.25 GHz 
for FRB 121102 bursts. The bimodal ‘lognormal (LN) (dashed blue) + Cauchy 
(solid blue)’ distribution is shown in red and a single power-law fit for bursts 
above a certain threshold E ≥ Eh = 3× 1038 erg is shown in black. The 90% 
detection completeness threshold is shown by the red dashed line, 

corresponding to E90 = 2.5 × 1037 erg for an assumed pulse width of 3 ms and 
scaling as the square root of the pulse width (Extended Data Fig. 6). The missed 
weak bursts below E90, as indicated by the upward arrow, will make the 
log-normal distribution wider, but will not affect the location of the peak E0 
(Methods).

Table 1 | The fitted parameters of the isotropic equivalent 
energy distribution

Function Fitting parameter Energy range 
(erg)

R2a

Power law γ = −0.61 ± 0.04 4 × 1036 ≤ E ≤ 8 
× 1039

0.104(6)b

γ = −1.37 ± 0.18 3 × 1038 ≤ E ≤ 8 
× 1039

0.999(1)

 log-normal E0 = 7.62 × 1037 (erg)

N0 = 2.20 × 1038 4 × 1036 ≤ E ≤ 8 
× 1039

0.85(8)

σE = 0.54

Cauchy E0 = 8.16 × 1038 (erg) 4 × 1036 ≤ E ≤ 8 
× 1039

0.075(1)

αE = 3.02 ± 0.5

 log-normal + 
Cauchy

E0 = 7.2 × 1037 (erg)

N0 = 2.06 × 1038 4 × 1036 ≤ E ≤ 8 
× 1039

0.925(8)

σE = 0.52

αE = 1.85 ± 0.3
aCoefficient of determination. R2 = 1 − S(res/Stot) * [(n − 1)/(n – p − 1)], where Stot is the total sum 
of squares from data and Sres is the minimum fitting residual sum of squares. 
bUncertainties in parentheses refer to the last quoted digit.
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Fig. 3 | Waiting time distribution of the bursts. The grey bar and solid red 
curve show the distribution of waiting time and its log-normal (LN) fit. The 
high-energy component (E > 3 × 1038 erg) is shown by a solid purple line. The 
three fitted peak waiting times (blue dashed vertical lines) from left to right  
are 3.4 ± 1.0 ms, 70 ± 12 s, and 220 ± 100 s. The peaks around 70 s and 220 s in the 
waiting time distribution are close to the average values for the respective 
samples (full and high energy). This is consistent with a stochastic process  
(see the main text and Methods for further discussion).
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suggests that the DM of FRB 121102 has increased by about 5–8 pc cm−3 
(or about 1.0–1.4%) compared to earlier detections14–16, confirming a 
trend seen before17 but this time with a larger significance level (Fig. 4). 
Combining all of the data, the averge slope is

d
dt
DM

= + 0.85 ± 0.10 pc cm yr . (2)−3 −1

The long-term trend relies heavily on earlier measurements, which 
is further explored in the Methods. This is inconsistent with the 

decreasing trend predicted for a freely expanding shell (for example, 
a supernova remnant) around the FRB source18, but is consistent with 
such a shell during the deceleration (Sedov–Taylor) phase19.

We detected no polarization in the bursts at 1.4 GHz, in contrast with 
higher frequency observations6 but consistent with previous results 
at similar frequencies17 (Methods).
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Fig. 2 | Burst rate distribution of the isotropic equivalent energy at 1.25 GHz 
for FRB 121102 bursts. The bimodal ‘lognormal (LN) (dashed blue) + Cauchy 
(solid blue)’ distribution is shown in red and a single power-law fit for bursts 
above a certain threshold E ≥ Eh = 3× 1038 erg is shown in black. The 90% 
detection completeness threshold is shown by the red dashed line, 

corresponding to E90 = 2.5 × 1037 erg for an assumed pulse width of 3 ms and 
scaling as the square root of the pulse width (Extended Data Fig. 6). The missed 
weak bursts below E90, as indicated by the upward arrow, will make the 
log-normal distribution wider, but will not affect the location of the peak E0 
(Methods).

Table 1 | The fitted parameters of the isotropic equivalent 
energy distribution

Function Fitting parameter Energy range 
(erg)

R2a

Power law γ = −0.61 ± 0.04 4 × 1036 ≤ E ≤ 8 
× 1039

0.104(6)b

γ = −1.37 ± 0.18 3 × 1038 ≤ E ≤ 8 
× 1039

0.999(1)

 log-normal E0 = 7.62 × 1037 (erg)

N0 = 2.20 × 1038 4 × 1036 ≤ E ≤ 8 
× 1039

0.85(8)

σE = 0.54

Cauchy E0 = 8.16 × 1038 (erg) 4 × 1036 ≤ E ≤ 8 
× 1039

0.075(1)

αE = 3.02 ± 0.5
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E0 = 7.2 × 1037 (erg)

N0 = 2.06 × 1038 4 × 1036 ≤ E ≤ 8 
× 1039

0.925(8)

σE = 0.52

αE = 1.85 ± 0.3
aCoefficient of determination. R2 = 1 − S(res/Stot) * [(n − 1)/(n – p − 1)], where Stot is the total sum 
of squares from data and Sres is the minimum fitting residual sum of squares. 
bUncertainties in parentheses refer to the last quoted digit.

10–5 10–4 10–3 10–2 10–1 100 101 102 103 104

Waiting time (s)

0

25

50

75

100

125

150

175

200

C
ou

nt

LN !t All E > 3 × 1038 erg

Fig. 3 | Waiting time distribution of the bursts. The grey bar and solid red 
curve show the distribution of waiting time and its log-normal (LN) fit. The 
high-energy component (E > 3 × 1038 erg) is shown by a solid purple line. The 
three fitted peak waiting times (blue dashed vertical lines) from left to right  
are 3.4 ± 1.0 ms, 70 ± 12 s, and 220 ± 100 s. The peaks around 70 s and 220 s in the 
waiting time distribution are close to the average values for the respective 
samples (full and high energy). This is consistent with a stochastic process  
(see the main text and Methods for further discussion).
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Periodicity quenching possibilities

• May signify emission well outside 
magnetosphere
– Shock models etc.  … decoupling from spin 

• Pulsar-like rotation/beaming with large 
altitude variability inside the 
magnetosphere

• Any post emission process that induces 
delays > 1/3 P
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especially for generating coherent X-rays and the problems to be solved in the future. A conclusion is
presented in Section 5.

2. Theory of Relativistic Mirrors

Relativistic mirrors interact with electromagnetic waves. Let us derive the relationship between
the reflection angle and frequency of the reflected light. The mirror is propagating along the positive
direction with the velocity of V = b c,where c is the speed of light in vacuum. Light with the frequency
w is incident on the mirror at an angle a as seen in Figure 1. We then consider this situation in the mirror
rest frame by performing a Lorentz transformation x0 = g(x � bct), y0 = y, z0 = z, t0 = g(t � bx/c),
where prime (0) denotes the variables in the rest frame K and g = (1 � b2)�1/2 is the relativistic factor
of the mirror. The light phase f = wt � k · r is Lorentz invariant, where k is the wave vector of the
light and r is the position vector. We obtain

wt � w

c
(x cos a + y sin a) = w0t0 � w0

c
(x0 cos a0 + y0 sin a0), (1)

and
w0 = wg(1 � b cos a), (2)

cos a0 =
cos a � b

1 � b cos a
. (3)

In the mirror rest frame K z0 ,the angle of reflection is same as that of incidence and the frequency
does not change; thus we obtain a0 = p � q0, w0

r = w0. Finally, we return to the laboratory frame by
the inverse Lorentz transformation and obtain

cos qx =
2b + (1 + b2) cos q

1 + b2 + 2b cos q
, (4)

and
wx = w

1 + b cos q

1 � b cos qx
⇡

✓
4g2 cos2 q

2

◆
w. (5)

The approximation at the end of Equation (5) applies when the velocity of the mirror is
ultra-relativistic (g � 1). The pulse duration of the reflected pulse is shortened by the same factor
⇡ 4g2 cos2(q/2) as the frequency upshift, because the number of light cycles is Lorentz invariant.

Figure 1. The light reflection by an inclined flying mirror. (a,c) are shown in the laboratory frame and
(b) is in the mirror rest frame. k is the wave vector and prime (0) denotes the variables in the rest frame.

3. Several Implementations of Relativistic Flying Mirrors

3.1. Relativistic Charged Beam

Motz considered radiation from electron beams interacting with an undulator, i.e., alternating
sinusoidal static magnetic field [4]. Later a proof-of-concept experiment was demonstrated by
Granatstein et al. [5]. In this paper, the term relativistic mirror was coined. They used a pulsed electron
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Abstract: Coherent, Short X-ray pulses are demanded in material science and biology for the study
of micro-structures. Currently, large-sized free-electron lasers are used; however, the available beam
lines are limited because of the large construction cost. Here we review a novel method to downsize
the system as well as providing fully (spatially and temporally) coherent pulses. The method is based
on the reflection of coherent laser light by a relativistically moving mirror (flying mirror). Due to
the double Doppler effect, the reflected pulses are upshifted in frequency and compressed in time.
Such mirrors are formed when an intense short laser pulse excites a strongly nonlinear plasma wave
in tenuous plasma. Theory, proof-of-principle, experiments, and possible applications are addressed.

Keywords: coherent X-rays; intense lasers; relativistic laser-plasma

1. Introduction

A mirror moving at very high speed and the reflection from such a mirror were discussed by
Einstein in this historical paper in 1905 [1], as a thought experiment at that time. Within the framework
of special relativity the mechanism of relativistic flying mirrors (RFMs) was investigated and explained
clearly. Although researchers did not know how to realize fast moving mirrors experimentally,
the problem of relativistic reflection attracted many researchers for a long time. The reasons are
that the problem raises several interesting discussions on conditions e.g., frequency upshifts, energy
conservation, superluminal cases, etc. Einstein’s mirror was an ideal object, which reflected 100% of
the incident radiation. Afterwards, researchers thus considered more realistic cases and parameters
including the reflectivity and transmissivity. Later there was active work on how to realize such
mirrors and applications of the RFMs for obtaining higher frequency radiation and even coherent,
short pulse radiation.

Recently, the realization of such relativistically fast moving mirrors has become feasible thanks
to the progress of knowledge and technology. The implementation of such moving mirrors can be
performed by employing an ionization front, an oscillating mirror solid density plasma, double-sided
mirrors, relativistic electron spikes formed in underdense plasma, etc. In this paper, we review the
RFMs and the experimental implementation of such mirrors including the possible applications of
mirrors [2]. Detailed theory and literature can be found in [3]. The organization of the paper is as
follows. In Section 2 a brief theoretical description on the reflection of an incident electromagnetic
wave from a moving mirror is given. In Section 3, we review several ideas and experiments to realize
relativistically moving mirrors. Section 4 discusses the possible applications of relativistic mirrors,

Quantum Beam Sci. 2018, 2, 9; doi:10.3390/qubs2020009 www.mdpi.com/journal/qubs



Moving mirrors

Cornell FRBs 7

redshift

blueshift



Moving mirrors

Cornell FRBs 8

redshift

blueshift

observer



Cornell FRBs 9

Interference filters, dichroics

Transmission effects

Is radiation narrowband
before reflecting?

Or induced?

Moving boundaries ⇒
detuning  (sloppy filter)

More reflections ⇒ larger 
delays and frequency shifts
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