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FIG. 1. Constraints at 1σ on dark energy w0 and
wa, and their joint figure of merit (FOM), are

plotted vs central redshift for experiments con-
sisting of five measurements of redshift drift at
1% precision. CMB constraints are included in

(only) the FOMCMB curve; note it is shown di-
vided by 1000 (i.e. the maximum is 1400), rather
than 100 like the FOM curve without CMB.

this is independent of all other Stage 4 dark energy experiments such as LSST and DESI,
offering not only a factor of 3 gain over them in isolation, and an independent crosscheck,
but further gains from combination of all data together. Furthermore note that the emission
line galaxies to be targeted are useful in themselves to the DESI and LSST surveys. Even
diluting to a 5% redshift drift precision provides a roughly equal crosscheck to a Stage 4
experiment. Moreover, an improved measurement of the Hubble constant to 1.4% precision
can increase the FOM to 2300, showing further synergy in 2020s science goals.

By contrast, surveys aiming at z > 2 are near pessimal. They are aiming at simple
detection, but have little leverage on dark energy at such high redshift. This is the strategy
followed by the CODEX spectrograph proposed for the European Extremely Large Telescope
(EELT). By using many Lyman-α lines in quasar absorption spectra they hope to reduce the
requirements on measurement precision. However, this drives them to very high resolution
(R > 120, 000) and a poor redshift range, as well as laying them open to astrophysical
systematics from gas velocities and varying ionizing radiation field.

Thus the optimal low redshift range is ripe for US endeavors. Again, this is optimal not
only for dark energy properties but in testing the FLRW framework against, e.g. void models
or inhomogeneous universes such as Lemâıtre-Tolman-Bondi or Szekeres models that give
the mirage of acceleration without true dynamics.

A further breakthrough involves the use of emission line surveys focusing on the forbidden
OII doublet. While redshift (and redshift drift) affects the frequency of a line, it equally
affects the spacing between lines. Thus we can turn an absolute measurement into a differ-
ential measurement of the spacing between well known doublet lines whose properties are
determined by atomic physics. Emission line surveys using OII are standard workhorses of
cosmology, used in the BOSS, eBOSS, and DESI surveys, and need only spectrographs of
modest resolution R ≈ 5000.

Galaxies have spatial structure with internal dynamics. Integral Field Unit (IFU) spec-
troscopy can provide spatial resolution, not only to distinguish between bulk and internal
velocity evolution, but also to take advantage of the multiple spatially-resolved measure-
ments of a line, each of which is narrower than the line when spatially-unresolved.



Dark Energy’s Future

Will DE stay just as it is (Λ)? 

Will DE approach de Sitter (w → -1)? 

Will DE lead to cosmic doomsday (𝜌DE < 0)? 

Will DE vanish (𝜌DE → 0)? 
● Asymptotic minimum of potential? 
● Oscillate around minimum (w diverges from -1)?
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The End of Cosmic Growth

We live in a special time for cosmic growth. 
We can detect its suppression, but growth is continuing. 
This won’t happen forever! 
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Growth rate f

f =
dD

d ln a
⇠ a�(1�3w)/2

f ⇡ ⌦m(a)
� ) � ⌘ d ln f

d ln⌦m(a)

�(a ! 1) ⇡ 3w � 1

6w
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e.g. in ΛCDM, 
f~a-2, 𝛾∞=2/3

Linder & Polarski 2019



The Future of (Our Learning about) Dark Energy

How do we answer the questions about dark energy’s future? 
(assuming we don’t want to wait a Hubble time or two)

Let’s rephrase the questions to make them more definite for 
comparison to observations (phenomenology).

● Dynamics 

● The Long Past 

● Growth
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Dynamics of Dark Energy

Cosmic acceleration needs DE equation of state w=P/𝜌 < -1/3. 

The only “natural” constant w values are -1 (Λ), -2/3 (domain walls). 
Observations clearly rule out w=-2/3 at >5𝝈: success! 

We need w(a). Fortunately, w(a)=w0+wa(1-a) is accurate to ~0.1% on 
observables (d,D). [Full EOM physics, not Taylor expansion!]

Natural values of ẇ are 0 or 1/H, i.e. w′ ~ 1 ~ wa. 
Seek 5𝝈 distinction, so seek 𝝈(wa)~0.2. 
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Thawing vs Freezing

Two broad classes of dynamics: evolving away from Λ (thawing), 
or evolving toward Λ (freezing). 

Well separated in w0-wa. 

Valley in between “unnatural” 
because would fine tune to 𝜙..=0. 

Distinction if 𝝈(wa)< 2.5⨉𝝈(w0).
Thus want 𝝈(w0)~0.08, 𝝈(wa)<0.2. 

Stage 4 Dark Energy experiments!
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Stage 5 Dark Energy Goals

5𝝈 distinction on wa between 0 and 1 is “modest”. Let’s aim high. 

CMB experiments aim for 5𝝈 on Starobinsky inflation. This is an 
𝜶-attractor model that can connect to late time DE (e.g. Akrami+ 2018). 

rGW = 12𝜶/N2 , wfuture = -1 +2/(9𝜶) 

To match 5𝝈 CMB constraint, seek 𝝈(w0)=0.02.  

So Stage 5 Dark Energy goal: 

𝝈(w0)=0.02 , 𝝈(wa)=0.05
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The Long Past

𝜌DE can vary by >106 between Λ and current limits at recombination. 
Seek to map it out to z~5 (Stage 5). 
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Even Λ has 𝛺DE=8% (1%) at z=2 (5).
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and the field thaws. The dark energy then reaches an
asymptotic future attractor with wfuture = �1 + 2/(9↵).
Note the key promise of this theory: if ↵ is high, we will
detect the gravitational wave signature in the CMB, if ↵
is low we will detect the deviation of the dark energy EOS
from the cosmological constant value! An especially well
motivated value is ↵ = 1, which corresponds to Starobin-
sky (R2) inflation and Higgs inflation. This would give
r ⇡ 4⇥10�3 and wfuture = �0.78. Today, with ⌦de ⇡ 0.7
the field evolution has not fully reached the future attrac-
tor and 1 + w0 ⇡ 0.5(1 + wfuture), e.g. w0 ⇡ �0.9. If we
want to distinguish this from a cosmological constant at
5� (just as CMB experiments seek to detect r for this
model at 5�) then we require

�(w0) <
1

5
⇥ 0.1 = 0.02 Benchmark Criterion 2b. (4)

Combining BC2b and BC1 together gives our absolute
benchmark criteria for investigating the nature of dark
energy:

Expansion Benchmark:

�(w0) = 0.02, �(wa) = 0.05
(5)

In summary, these two parameters can successfully
describe dark energy for the cosmic expansion history,
and physics motivates specific benchmark criteria for the
measurement accuracy required for meaningful under-
standing. Stage 4 accuracy will answer some broadbrush
questions about dark energy properties but Stage 5 is
required to meet the detailed benchmark criteria.

III. THE CASE FOR z ⇡ 2� 5

The w0–wa parametrization of dark energy fits obser-
vations with high accuracy, even when the scalar field
behavior is more extreme, such as phase transitions or
dark energy density persisting to high redshift (freezing
fields and early dark energy). We can, however, draw fur-
ther information about the evolution by looking to higher
redshifts, z & 2.

For a late time phase transition, we expect dark en-
ergy density to vanish at higher redshifts before the phase
transition (e.g. the vacuum metamorphosis model has its
phase transition around z ⇡ 1–2). Conversely, freezing
fields and early dark energy should have a much higher
dark energy density at early times than the cosmological
constant. At recombination, z ⇡ 103, the fraction of the
critical density in the cosmological constant is ⇠ 10�9.
However, current constraints on early dark energy den-
sity are at the 10�2.5 level. Thus there are more than six
orders of magnitude of unexplored range.

While redshifts z = 5–1000 are fairly inaccessible to
precision measurement of dark energy, even a cosmolog-
ical constant contributes 8% (1%) of the critical density
at z = 2 (5), making the dark energy density amenable

to constraint. If we detected no dark energy density at
z = 2, say, this would point us toward phase transition
models, while if we detected greater than 1% fractional
dark energy density at z = 5 this would favor freez-
ing fields and early dark energy. A 3� distinction be-
tween the cosmological constant behavior and no dark
energy density (or double the cosmological constant den-
sity) provides a clear direction for understanding cosmic
acceleration physics. Thus the benchmark criterion is

Density Benchmark:

�

⇣
⇢de

⇢crit

⌘
⌘ �(⌦de(z)) <

1
3 ⌦⇤(z) , for z < 5

(6)

IV. GROWTH AND GRAVITY

Large scale structure growth can provide incisive con-
straints on dark energy, apart from expansion probes.
Within general relativity the growth history is essentially
determined by the expansion history, and so w0–wa works
as well for cosmic growth. However, deviations of the
growth history behavior relative to the expansion history
can reveal extra physics beyond general relativity. Again,
a very successful, single parameter measure of aspects of
growth separate from that predicted by the cosmic ex-
pansion was developed in [13]. The gravitational growth
index �, given through the growth factor behavior

D(a)

D(ai)
= e

R a
ai

(da/a)⌦m(a)�
, (7)

is accurate to 0.2% relative to the exact (subhorizon, lin-
ear perturbation, scale independent) result. For general
relativity � ⇡ 0.55 with only a very mild (and well cal-
ibrated) dependence on the dark energy EOS. Thus �

tests the theory of gravity independent of the expansion
history.
Establishing a benchmark for � is di�cult to do from

basic physical principles, since we have a scarcity of well
motivated theories of gravity apart from general relativ-
ity, and many theories can approach general relativity
arbitrarily closely. We do expect that gravity restores
to general relativity at high redshift, and one can de-
fine a phase space evolution for the gravitational cou-
pling Gmatter–G0

matter [14]. However, it does not sepa-
rate into distinct regions like the w–w0 phase space. At
best we can compare a couple of common models: f(R)
scalar-tensor gravity and DGP braneworld gravity, hav-
ing � = 0.42 and � = 0.68 respectively. One could then
argue that a 5� distinction from general relativity re-
quires �(�) ⇡ 0.026. In fact, due to the phase space evo-
lution, the � value for f(R) theories is closer to general
relativity’s 0.55 in the past (roughly half the deviation at
z = 1 on larger scales), so for a (admittedly less basic)
benchmark criterion we adopt

�(�) <
1

2
⇥

1

5
⇥ 0.13 = 0.013 Growth Criterion 1. (8)

106!



Cosmic Growth

Gravitational growth index 𝛾 accurate to 0.2% on observables. 
(in linear, subhorizon, scale independent regime)

Distinguishes mod-GR where growth not governed purely by 
expansion. 5𝝈 distinction of f(R) growth at z=1 from GR: 𝝈(𝛾)~0.013.

Seek scale dependence, light propagation: Gmatter(a,k), Glight(a,k). 
Model independent approach in 3x2 bins. 
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benchmark criterion we adopt

σ(γ) <
1

2
×

1

5
× 0.13 = 0.013 Growth Criterion 1. (8)

While the gravitational growth index is powerful for
a single parameter, giving a critical alert of growth de-
viating from general relativity, there are two other im-
portant avenues providing distinction from general rela-
tivity. Growth in the linear or quasilinear perturbation
regime can be scale dependent in modified gravity, and
light propagation as well as cosmic growth can deviate.
These can be described (in the subhorizon, quasistatic
regime) as gravitational couplings entering modified Pois-
son equations for matter and for light [15] in place of
Newton’s constant. Thus they are often called Gmatter

and Glight, normalized to unity when they equal New-
ton’s constant (there are many other names also, e.g. µ
and Σ, but Gmatter and Glight are the most easily under-
stood).
We can explore deviations from general relativity in

a model independent manner (i.e. without adopting a
specific theory) by treating the time and scale dependent
Gmatter(a, k) and Glight(a, k) as values defined in bins of
scale factor a and density perturbation wavenumber k.
Two bins in k and three bins in a, so six parameters total,
have been demonstrated to be accurate to 0.1%–0.3%
rms in the growth rate of large scale structure (better
on the growth amplitude itself) [16]. In many cases only
two bins in a are needed for 0.2% accuracy, giving four
parameters.
As with γ it is difficult to develop from first principles

a benchmark for required accuracy, as gravity theories
can approach general relativity arbitrarily closely. Again
looking to the f(R) gravity model, we can seek a clear
signature of deviation from general relativity in scale and
time dependence of gravitational coupling, adopting

Growth Criterion 2.

σ(Gmatter,low k,high a) < 0.02 (9)

σ(Gmatter,high k,high a) < 0.05 , (10)

which each correspond to roughly 3σ constraints for a
canonical f(R) model. Here low (high) k corresponds to
k = 0.055 (0.125) h/Mpc and high a is a ≈ 0.75 (z ≈

0.35). One can use similar criteria on Glight.
Another important aspect of modified gravity becomes

apparent as one approaches the nonlinear perturbation
regime: a screening mechanism to restore the theory to
general relativity behavior in regions of high density or
density gradients (to satisfy solar system tests for ex-
ample). Here the physics becomes complex and model
dependent enough that it seems worthwhile abandoning
parametrization and dealing with a full theory, starting
from its Lagrangian. There are in-between methods such
as effective field theory, but these do not capture the
fully nonlinear aspects. At this point we have to choose
some benchmark models, rather than benchmark princi-
ples. This is difficult as few to no models are regarded as
completely compelling by the community as a whole.

We therefore consider two illustrative models, with the
aim of keeping them as simple as possible while showcas-
ing essential elements of physics. One is f(R) gravity,
but it is important to recognize that stating this by it-
self is insufficient: one must adopt a particular functional
form for f(R), with particular parameter values. A com-
mon choice is the Hu-Sawicki form [17], which has two
parameters (apart from the density) – an amplitude fR0

and an evolution scaling (power law index n). We instead
adopt for simplicity a single parameter exponential f(R)
model,

f(R) = −b
(

1− e−cR/b
)

, (11)

where b is determined by the present matter density Ωm,0

and c is the one parameter [18]. Thus our first full grav-
itational theory benchmark is

Benchmark Gravity 1.

Exponential f(R) with c = 4 (12)

Note that neither exponential nor Hu-Sawicki f(R) have
a strong theoretical foundation for their functional form.
The benchmark is simply a point in the theory landscape
that is sufficiently distinct from general relativity to be
interesting and currently observationally viable.
One of the drawbacks of using f(R) gravity is that

it has essentially no effect on light propagation differ-
ent from general relativity. Therefore we adopt a second
gravity benchmark theory that does affect light propaga-
tion.
It is useful to briefly consider the effective field the-

ory (EFT) or property function approach [19]. The two
key property functions are αM , giving the running of the
Planck mass arising from coupling of the scalar field to
the Ricci scalar, and αB , describing the braiding between
the scalar field kinetic structure and the metric. All f(R)
gravity theories have αB = −αM , which is also the con-
dition for negligible effect on light propagation (there is
a residual effect of order fR0, but this is usually ! 10−5).
This arises from the conformal nature of the theory (so
null geodesics are unaffected), and the coupling to the
Ricci scalar can give rise to the chameleon mechanism
for screening.
Thus, as a second gravity benchmark theory we will

choose a theory relying on a different mechanism, called
Vainshtein screening, which can arise due to the kinetic
structure, or braiding. Since we also want to have a min-
imal number of free parameters we could simply change
the constant of proportionality relating αB to αM – for
example No Slip Gravity has αB = −2αM (and then
Gmatter = Glight). But to emphasize the distinction,
and maintain as few parameters as possible, we will
choose a class of theories with standard gravitational cou-
pling to the Ricci scalar, so a constant Planck mass (i.e.
8πGN = m2

p) hence αM = 0. Similarly, the benchmark
will have a canonical kinetic term (though possibly of
opposite sign) with no potential, and a cubic Horndeski

klow~0.055, khigh~0.125, ahigh~0.75

For full nonlinearity, choose full theory (two, different screenings?).



          P5 Cosmic Frontier Town Hall  ✭  February 22, 2023

DESC Primary Science Goals 

● Goal #1: Cosmological constraints from Rubin-only data from shear and 
clustering (3x2pt), clusters of galaxies and supernovae

● Goal #2: Consistency checks between different Rubin DESC probes 

● Goal #3: Cosmological constraints and tensions from Rubin + External 
Data Sets

● Goal #4: Be prepared for serendipity
● Goal #5: Assess possibly needed changes in observing strategy, 

processing for upcoming data releases in the earlier years

LSST DESC is planning to carry out full cosmology analyses 
(dark energy, dark matter, neutrinos, inflation, …) 
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Stage 4 Experiments will Advance

Rubin Observatory Legacy Survey of Space and Time (LSST)
Imaging, Time Domain (Clustering, Lensing, Supernovae) ~2024-2034

10Stubbs at P5



Dark Energy Spectroscopic Instrument

Stage 4 survey operating (2021-2026). Early Data Release imminent.
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Baryon Acoustic Oscillations Redshift Space Distortions
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Staging Spectroscopic Surveys
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DESI survey covers over 14,000 deg2 in 5 years!
● Dark Energy Spectroscopic Instrument (DESI; primarily z<1.5)
○ Baryon Acoustic Oscillations (BAO) and Redshift Space Distortions (RSD)

● DESI-II (primarily z>2) 
○ As powerful as DESI, but at z>2
○ Early dark energy and growth of structure in matter-dominated regime
○ Synergies with other Cosmic Frontier experiments

● Spec-S5 
○ Primordial physics (more constraining than the CMB in key areas)

Dawson at P5

Schlegel at P5



Achieving Stage 5 Goals

Advances from Rubin-SpecS5-CMB synergies. Powerful, but 
want more!
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Redshift Drift (seeing the universe expand in real time: dz/dt0) 
known 60 years ago, but is very very challenging. 

Direct, kinematic probe of acceleration. Just like redshift, don’t need 
to know matter density or forces.

Sandage 1962, McVittie 1962

New theory, analysis, and hardware developments
Kim, Linder, Edelstein, Erskine 2015; Erskine, Linder+ 2016; and new data 2022, 2023!



Redshift Drift and Dark Energy
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If redshift drift ż can be measured, it has powerful complementarity 
with CMB.

3

FIG. 1. Constraints at 1σ on dark energy w0 and
wa, and their joint figure of merit (FOM), are

plotted vs central redshift for experiments con-
sisting of five measurements of redshift drift at
1% precision. CMB constraints are included in

(only) the FOMCMB curve; note it is shown di-
vided by 1000 (i.e. the maximum is 1400), rather
than 100 like the FOM curve without CMB.

this is independent of all other Stage 4 dark energy experiments such as LSST and DESI,
offering not only a factor of 3 gain over them in isolation, and an independent crosscheck,
but further gains from combination of all data together. Furthermore note that the emission
line galaxies to be targeted are useful in themselves to the DESI and LSST surveys. Even
diluting to a 5% redshift drift precision provides a roughly equal crosscheck to a Stage 4
experiment. Moreover, an improved measurement of the Hubble constant to 1.4% precision
can increase the FOM to 2300, showing further synergy in 2020s science goals.

By contrast, surveys aiming at z > 2 are near pessimal. They are aiming at simple
detection, but have little leverage on dark energy at such high redshift. This is the strategy
followed by the CODEX spectrograph proposed for the European Extremely Large Telescope
(EELT). By using many Lyman-α lines in quasar absorption spectra they hope to reduce the
requirements on measurement precision. However, this drives them to very high resolution
(R > 120, 000) and a poor redshift range, as well as laying them open to astrophysical
systematics from gas velocities and varying ionizing radiation field.

Thus the optimal low redshift range is ripe for US endeavors. Again, this is optimal not
only for dark energy properties but in testing the FLRW framework against, e.g. void models
or inhomogeneous universes such as Lemâıtre-Tolman-Bondi or Szekeres models that give
the mirage of acceleration without true dynamics.

A further breakthrough involves the use of emission line surveys focusing on the forbidden
OII doublet. While redshift (and redshift drift) affects the frequency of a line, it equally
affects the spacing between lines. Thus we can turn an absolute measurement into a differ-
ential measurement of the spacing between well known doublet lines whose properties are
determined by atomic physics. Emission line surveys using OII are standard workhorses of
cosmology, used in the BOSS, eBOSS, and DESI surveys, and need only spectrographs of
modest resolution R ≈ 5000.

Galaxies have spatial structure with internal dynamics. Integral Field Unit (IFU) spec-
troscopy can provide spatial resolution, not only to distinguish between bulk and internal
velocity evolution, but also to take advantage of the multiple spatially-resolved measure-
ments of a line, each of which is narrower than the line when spatially-unresolved.

Leverage ranges from 
independent crosscheck 
to 3x above Stage 4.

Optimal range z<0.5. 

Need lots of photons, 
e.g. 10m or ELTs. 



Redshift Drift Survey
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Redshift accuracy very challenging: Δz à cm/s (Δt/3y) calibration, 
drift, PSF, line shape. 

Strong gains from bright, well known, narrow lines.

Wavelength differences redshift the same as 
wavelength so measure differentially (doublet). 

Low redshift ELGs with [OII], [OIII] doublets are great! In cosmology 
sweet spot, well surveyed, and in field (low peculiar acceleration). 
Interferometers give differential measurements that cancel 
some instrument systematics.

Differential 
not absolute 
measurement

Astro2020 Erskine+ 1903.05656 ; Snowmass 2203.05924 



Redshift Drift Technology
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Testing using multiple pairs of intrfr. delays

22

ScanAcrossInsult.key  9/14/20 
SpecRecon307Fig6(scan).pxp

Dispersing 
spectrograph sets 

envelope of 
wavelets; has 

unwanted drifts ∆x

ScanAcrossInsultFigMod.key    3/3/21

Each 
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makes a 
wavelet

Interferometer 
measures  

PHASE of wavelets

SUM of wavelets 
forms stable 
output peak, 

independent of ∆x

1000x reduction in drift!

The wavelet location is deliberately shifted 
sideways to simulate ∆x.   

The EDI output is the sum of wavelets which 
is the red peak, which is nearly stationary.

Using EDI measured data of ThAr lamp 
at Mt. Palomar project but simulated ∆x
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Fast Precise Wideband Interferometric Characterization of High Resolution 
Spectrograph Performance

David J. Erskine, Ed Wishnow, Jerry Edelstein, Martin Sirk, Dayne Fratanduono

This Off-sky usage of Externally Dispersed Interferometry (EDI) technology has commercial potential, and 
was discovered during the first year of the LDRD (22-LW-020) but falls outside the original scope

== Achievements of LDRD 22-LW-020 as of March 2023 ==
1. US Patent filed December 8, 2022, for IL-13759, "Spectrograph Stabilization using a Single-delay Interferometer", 
by David J. Erskine.

Two record of inventions submitted:
2. IL-13759, "Spectrograph Stabilization using a Single-delay Interferometer", by David J. Erskine.

3. IL-13802, "Externally Dispersed Interferometry for 
Characterizing High Resolution Spectrographs", by David 
Erskine and Jerry Edelstein.

4. Rapidly built a portable EDI, selectable set of etalons, 
fiberconnected to Keck Planet Finder (KPF) spectrograph.

5. Ten presentations at 7 conferences (5 remote): 6 
posters, 2 orals, 2 manuscripts.  For example
https://doi.org/10.1117/12.2628388 (On-sky, 500x 
stabilization, main topic of LDRD)
https://doi.org/10.1117/12.2627160 (Off-sky, 
Characterizing spectrograph, spinoff topic of FY24)
The Off-sky application was unexpected.  Since out of 
scope of the original LDRD it is the topic of this FY24 
request.

6. First demonstration of crossfading stabilization using 
experimental data (using a single delay and group's 
earlier Mt. Palomar project data of 2011).

7. First EDI measurements of a periodic spectrum (a Fabry-
Perot interferometer used with the KPF spectrograph).

8. Made awareness to high resolution astronomy community.

Motivation:
Spectrographs need symmetrical point spread function (PSF) 
for best Doppler stability (against pupil beampath changes 
such as caused by passing clouds etc). This can be adjusted 
during engineering tests if it is known in which direction and by 
how much the asymmetry needs to be changed.  This requires 
a rapid method for measuring PSF asymmetry across the 

entire bandwidth of the spectrograph since the PSF 
behavior can change as a function of coarse wavelength.

Conventional method of measuring the PSF looks at the 
shape of an ideal perfectly narrow spectral line.  Narrow 
spectral lines across the whole bandwith can be obtained 

by a Laser Frequency Comb (LFC) or a Fabry-Perot (FP) 
etalon back illuminated by white light.  However there is a fundamental limitation in how narrow of a feature can be 
measured set by the spacing of detector pixels.  The Nyquist theorem shows that it is impossible to measure spatial 

Fig. 1 Suitcase-portable EDI interferometer apparatus (on cart) we rapidly 
constructed and used (fiberoptically connected) on the Keck Planet Finder 
spectrograph during its engineering tests at UC Berkeley spring 2022.

Fig. 2 Scheme of the EDI-HHS technique used to diagnose the KPF.  A 
white light illuminated Fabry-Perot etalon generates a periodic spectrum 
(or a Laser Frequency Comb).  This passes through the EDI and then 
into the customer's spectrograph to be diagnosed (KPF).

https://doi.org/10.1117/1.JATIS.7.2.025006

Technology: 2016 – Hale Telescope 10x resolution gain, 20x stability gain. 2018 
– GPI 100x resolution gain on biomarkers. 2019 – 1000x stability gain in lab.

Tested with Keck Planet Finder 2022
Erskine

https://doi.org/10.1117/1.JATIS.7.2.025006


Summary

Stage 4 experiments (underway!) will give first major test of dark 
energy – dynamics and growth. 

Stage 5 will address fundamental physics questions (thawer vs 
freezer, density, Gmatter/Glight) at “natural” constraint precisions.  

Experiment synergy will be key, and the direct acceleration probe 
of Redshift Drift is becoming a reality! (Lots of synergy with exoplanets)

Dark Energy is both an Old (2.5 decades) and New Theme in 
Cosmology. We see many ways to make Progress (now and soon)!
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