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my goals for today

Discuss the role ot open source software in astrophysics
motivated by the study of time domain astronomical surveys.

Demonstrate the impact of interdisciplinary collaboration,
good documentation, and open development on this research.



time domain astronomy

Measure as a function of time.



time domain astronomy

Measure as a function of time.
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exoplanets

One of the recent time domain success stories.
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kepler

WET designed as a mission.
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state-of-the-art discovery

pushing the technical boundaries




when you push the boundaries

a good training set



the transit method



source: NASA/ESA
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we need to precisely measure the brightness
of many stars
at high cadence
for a long time



kepler

190k targets
30 min cadence

4 year baseline
5,000 planet candidates

*note: all numbers are approximate
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spacecraft star
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spacecraft star
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planet star spacecraft detector observation



auxiliary science
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it's not stopping anytime soon



tess

3.2M / 500k targets
30 min / 2 min cadence

30 day baseline
15,000 planet candidates

*note: all numbers are predictions



what do we do with
all these data?




p(physics | data)



p(data | physics)



0 A rigorous inference method

° Etficient computation of the likelihood



0 Markov chain Monte Carlo (

° Gaussian processes (GPs)



Markov chain Monte Carlo
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samples from \WOAH!

physics data




in astronomy, we use MCMC




MCMC is brittle

Fither: algorithm requires tuning or model must be simplified.




PUBLICATIONS OF THE ASTRONOMICAL SOCIETY OF THE PAcIFIC, 125:306-312, 2013 March

emcee: The MCMC Hammer

DANIEL FOREMAN-MACKEY,' DaviD W. HOGG,'* DUSTIN LANG,** AND JONATHAN GOODMAN’
Received 2013 January 09; accepted 2013 January 30; published 2013 February 25




Algorithm 3 The parallel stretch move update step
1: for i€ {0,1} do

2. fork=1,...,K/2do

3: // This loop can now be done in parallel for all k
4: Draw a walker X; at random from the complementary ensemble S~ (¢)
o: X +— SIE:Z)

6: z < Z ~ ¢g(z), Equation (10)

7: Y+ X; + 2 [ Xi(t) — Xj]

8 g 2" p(Y)/p(Xk(1))

9: r<— R~ [0, 1]

10: if r < ¢, Equation (9) then

11: Xp(t+3)«Y

12: else

13: Xp(t+3) < Xi(t)

14: end if

15:  end for
16: t<t+1
17: end for

from: DFM, Hogg, Lang, Goodman (2013)




this project has been quite
popular.







©® © @ ) dfm/emcee: The Python ense’ X

Dan
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O This repository
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Explore

* @A G :

dfm / emcee

<> Code

Issues 6

Pull requests 0

® Unwatch~ 99

Projects 0 Wiki

Insights

Settings

The Python ensemble sampling toolkit for affine-invariant MCMC http://emcee.readthedocs.io

python

Branch: master v
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D 677 commits
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I 6 branches
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Manage topics

© 6 releases

Create new file @ Upload files = Find file Clone or download ¥

no fitsio on travis [ci skip]

Create ISSUE_TEMPLATE.md

docs order [ci skip]

updating license in document

Revert "adding retries option to hdf backend"
fixing py2 bug in tests

no progress bars

better coverage tracking

Create .gitattributes to fix language statistics
Cl: Drop 3.2. Ignore coverage output

adding rtd config

travis install

adding incremental tutorial

Create CODE_OF_CONDUCT.md

Typos

addinn ~cantrihnitare

22 39 contributors

Y Unstar
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¥ Fork 307

Edit

s MIT

Latest commit 36e2f23 on Dec 28, 2017

5 months ago
6 months ago
5 months ago
S years ago

4 months ago
5 months ago
6 months ago
5 months ago
a year ago

2 years ago

a year ago

7 months ago
7 months ago
6 months ago
a year ago

7 mnnthe ann




® 0 "N\ emcee — emcee 2.2.1 docum: X Dan

\ —

< C (@ emcee.readthedocs.io/en/stable/

emcee

the MCMC Hammer

emcee is an extensible, pure-

Python implementation of

parameter estimation and it's

really sweet!

Feedback

Feedback is greatly appreciated. If
you have any questions,

comments, issues or anything else

Quick search

Go

€INncec

Seriously Kick-Ass MCMC

emcee is an MIT licensed pure-Python implementation of Goodman & Weare’s Affine Invariant

Markov chain Monte Carlo (MCMC) Ensemble sampler and these pages will show you how to use

it.

This documentation won’t teach you too much about MCMC but there are a lot of resources avail-

able for that (try this one). We also published a paper explaining the emcee algorithm and imple-

mentation in detail.

emcee has been used in quite a few projects in the astrophysical literature and it is being actively de-

veloped on GitHub.

Basic Usage

If you wanted to draw samples from a 10 dimensional Gaussian, you would do something like:

import numpy as np
import emcee

def lnprob(x, ivar):
return -0.5 % np.sum(ivar * x %k 2)

ndim, nwalkers = 10, 100
ivar = 1. / np.random.rand(ndim)
p@ = [np.random.rand(ndim) for i in range(nwalkers)]

sampler = emcee.EnsembleSampler(nwalkers, ndim, lnprob, args=[ivar])
sampler. run_mcmc(p@, 1000)

A more complete example is available in the quickstart documentation.

User Guide

e Installation




limitations

emcee does not scale well with the number of dimensions.




50

40

30

20
number of parameters

—® nuts

-0 emeacee
|
|

| | |
(- O - - (-
| | <t o N —

[09s] ojdwies aA130944 Jad awiy ADU3ID1Jo dAI1Ee[o.




what to do?

1. Compute derivatives by hand or using autodiff.
2. Use an emulator or surrogate model.
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H exoplanet — exoplanet 0.1.4

X +

& https://exoplanet.dfm.io/en/latest/

exoplanet 0.1.4 documentation »

Table Of Contents

exoplanet
= User guide
= Tutorials
m License & attribution
= Changelog
= 0.1.4 (upcoming)
= 0.1.3(2019-01-09)
= 0.1.2(2018-12-13)
= 0.1.1(IPO; 2018-12-06)

Related Topics

Documentation index
m Next: Installation

Quick search
Go

exoplanet

GitHub dfm/exoplanet | license MIT | build 'passing DOI 10.5281/zenodo.2536576
powered by starry | powered by celerite | powered by PyMC3 | powered by AstroPy

exoplanet is a toolkit for probabilistic modeling of transit and/or radial velocity observations of
exoplanets and other astronomical time series using PyMCS3. PyMC3 is a flexible and high-per-
formance model building language and inference engine that scales well to problems with a
large number of parameters. exoplanet extends PyMC3'’s language to support many of the cus-

tom functions and distributions required when fitting exoplanet datasets. These features
include:

o Afast and robust solver for Kepler’s equation.
e Scalable Gaussian Processes using celerite.
e Fast and accurate limb darkened light curves using starry.

e Common reparameterizations for limb darkening parameters, and planet radius and im-
pact parameter.

e And many others!

All of these functions and distributions include methods for efficiently calculating their gradi-
ents so that they can be used with gradient-based inference methods like Hamiltonian Monte
Carlo, No U-Turns Sampling, and variational inference. These methods tend to be more robust
than the methods more commonly used in astronomy (like ensemble samplers and nested
sampling) especially when the model has more than a few parameters. For many exoplanet ap-
plications, exoplanet (the code) can improve the typical performance by orders of magnitude.

exoplanet is being actively developed in a public repository on GitHub so if you have any trou-
ble, open an issue there.

User guide

e |nstallation
e Dependencies
e Using pip

e From Source

next | modules | index




0 Markov chain Monte Carlo (

° Gaussian processes (GPs)



Gaussian processes
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planet star spacecraft detector observation




physics

N +J']['VWVI"]/V'1MV'+WMM* = LN e

planet  star spacecraft detector observation




physics a Gaussian Process (ind. physics)

1
v s
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observation
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but...

There's a
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uh oh!!!
uh oh! 1
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kepler

190k targets
70k obs./target




tess

500k targets
20k obs./target
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my first try: hodlr
ierarchical Oft-Diagonal Low FRank approximations.

In collaboration: Sivaram Ambikasaran (NYU—-IIT)



IEEE TRANSACTIONS ON PATTERN ANALYSIS AND MACHINE INTELLIGENCE, VOL. 38, NO. 2,2015

Fast Direct Methods for Gaussian Processes

Sivaram Ambikasaran, Daniel Foreman-Mackey, Leslie Greengard, Member, IEEE,
David W. Hogg, and Michael O’Neil, Member, IEEE

reference; arXiv:1403.6015 »




® ® O dfm/george: Fast and flexible = x Dan

& C' @& GitHub, Inc. [US] | https://github.com/dfm/george W 2 G :
O This repository Pull requests Issues Marketplace Explore
dfm / george ® Unwatch~ 20 % Star 217 Y Fork 76
<> Code Issues 10 Pull requests 4 Projects 0 Wiki Insights Settings
Fast and flexible Gaussian Process regression in Python http://george.readthedocs.io Edit
python gaussian-processes time-series cpp c-plus-plus Manage topics
D 541 commits I 6 branches © 3 releases 42 5 contributors sts MIT

Branch: master ~ New pull request

Create new file @ Upload files = Find file Clone or download ~

dfm updating history Latest commit 7f4d301 on Jan 8

i ci

B8 docs

Bm george

Bl kernels

Bl paper

i templates

Bl tests

B8 vendor/eigen_3.3.4

£) .appveyoryml
.coveragerc
.gitattributes
.gitignore

.rtd-environment.yml

E
=
E
) .gitmodules
E
=

travis.yml

=) ALITHORS ret

tectonic workaround

trying to fix docs build [ci skip]

updating tutorials version and bumping version number
working x gradients

a few words

updating tutorials version and bumping version number
working x gradients

removing old HODLR library

install pybind11 on ci

cleaning up coverage

docstrings and attributes

switching to pybind11, wip [ci skip]

removing old HODLR library

rtds needs pybind too

we should cover george...

incarnnratinn R

4 months ago
4 months ago
4 months ago
4 months ago
4 months ago
4 months ago
4 months ago
10 months ago
10 months ago
10 months ago
10 months ago
10 months ago
10 months ago
10 months ago

10 months ago
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but...

That's still not



my second try: célérité
matrices.

In collaboration: Sivaram Ambikasaran (IIT)



THE ASTRONOMICAL JOURNAL, 154:220 (21pp), 2017 December

Fast and Scalable Gaussian Process Modeling with Applications to
Astronomical Time Series

Daniel Foreman- Mackey1 2@ | Eric Agol1 7, Sivaram Ambikasaran® @, and Ruth Angus
Astronomy Department Un1ver81ty of Washington, Seattle, WA, USA
% Center for Computational Astrophysics, Flatiron Institute, 162 5th Avenue, 6th Floor, New York, NY 10010, USA
Department of Computational and Data Sciences, Indian Institute of Science, Bangalore, India
Department of Astronomy, Columbia University, 550 W 120th Street, New York, NY 10027, USA
Received 2017 March 27; revised 2017 October 9; accepted 2017 October 10; published 2017 November 9

reference; arXiv:1703.09710 »




Tij = [ti — 1]

k(Tij) = 03"0ij +

reference: DFM+ (2017), arXiv:1703.09710

J

J
=1

aje” 97 cos(d;T) + bje 7 sin(d;T)




Tij = |ti — t5]
stochastically-driven damped simple harmonic oscillator

k(Tij) = 03"0ij +

M-

7=1

reference: DFM+ (2017), arXiv:1703.09710 »




function celerite_factor(U, P, d, W)

# Initially d=a and W =V

S + zeros(J, J)

Wwq < wl/dl

forn=2,...,N:
S « diag(p,,_1)[S+ dpn_1wp_1" w,_1]diag(p,,_;)
d, < d, — U, Su,"
w, +— lw, —u, S| /d,

returnd, W, S

reference: DFM (2018), arXiv:1801.10156 »
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GitHub - dfm/celerite: Scalablc X -+

@& GitHub, Inc. [US] | https://github.com/dfm/celerite

dfm / celerite OWatch 12 %Star 112 YFork 28
<> Code Issues 8 Pull requests 2 Projects 0 Insights
Scalable 1D Gaussian Processes in C++, Python, and Julia http://celerite.rtfd.io
python gaussian-processes astronomy time-series stars exoplanets julia cpp c-plus-plus
D 1,008 commits ¥ 4 branches © 7 releases 22 9 contributors sfs MIT
] —

Branch: master ~ New pull request

Find file Clone or download ~

ﬁ dfm updating bibtex reference Latest commit 846c239 on Nov 28, 2017

il ci

BB celerite

B cpp

m docs

B8 examples/benchmark
B paper

il tests

E) .appveyoryml

) .coveragerc

E) .gitattributes

£) .gitignore

E) .rtd-environment.yml
E) .travis.yml

=] AUTHORS.rst

) CITATION

E) HISTORY.rst

=) LICENSE

develop on ci

updating bibtex reference

speeding up dot products and improving dot interface

updating zenodo DOI
updating benchmark plots
zenodo links

noga annoyingness

Update .appveyor.yml

adding coverage and coveralls
Update .gitattributes

bumping version number to 0.3.0
Update .rtd-environment.yml
develop on ci

working on docs [ci skip]
bumping version number

bumping version number to 0.3.0

Adding 2017 to license [ci skip]

2 years ago
a year ago
a year ago

2 years ago

2 years ago
a year ago

2 years ago
a year ago

2 years ago

2 years ago
a year ago
a year ago

2 years ago

2 years ago

2 years ago
a year ago
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Prepare to send manuscript to X -+

@& GitHub, Inc. [US] | https://github.com/dfm/celerite/issues/61

dfm / celerite ® Watch | 12

Code @® Issues 8 Pull requests 2 Projects 0 Insights

Prepare to send manuscript to collaborators and friends
dfm opened this issue on Feb 16, 2017 - 9 comments

dfm commented on Feb 16, 2017 « edited by ericagol ~ Owner

Things to do before we send the manuscript around:

v Give some more motivation in the intro and add some citations
v Make benchmark plots comparing the different solvers and write descriptions of the tests.

v Move discussion of Sturm's theorem to appendix? I'm not sure that it's worth including this in the
main text because I'm not actually sure that we want to advocate for using Sturm's theorem but |
do think that it's important to have some discussion of how to choose valid parameters. Perhaps
this section should include the analytic results for small J.

v Include examples of inference with simulated data: (a) a known celerite process where our model
will be correct, and (b) another QP model where the model is wrong but we can show that we still
reproduce the correct PSD and period measurement.

v Finish text for examples with real data.

v Add discussion of comparison to other methods including limitations of celerite. Interpretability, etc.
Maybe make a benchmark plot with HODLR and CARMA included.

v Cut kernel approximation section? @ericagol: | think that if we want something like this we should
just include an example where we simulate data from one of these standard processes and
demonstrate that we can reproduce it using celerite. I'm not a fan of fitting the autocorrelation
function.

v Edit and expand summary section.

J Add ool s L API2 Optional

T g dfm added this to the Send to collaborators and friends milestone on Feb 16, 2017

ericagol commented on Feb 16, 2017 Collaborator

I ;»‘@‘ i

b4

% Star 112 ¥ Fork 28
Assignees

No one assigned

Labels

Projects

None yet

Milestone

Send to collabora...

2 participants

-
¢
v




Prediction/interpolation - Isst X 4+

@ GitHub, Inc. [US] | https://github.com/dfm/celerite/issues/15

dfm / celerite OWatch 12  %Star 112 YFork 28

Code ® Issues 8 Pull requests 2 Projects 0 Insights

Prediction/interpolation

G4+ .L-: W ericagol opened this issue on Sep 10, 2016 - 11 comments

| ‘@ | ericagol commented on Sep 10, 2016 Collaborator Assignees
v

No one assigned

See if there is an O(N) method for computing variance of predicted/interpolated times.

Labels

O @@l dfm added the [enhancement| label on Mar 14, 2017 SO

dfm commented on Apr 28, 2017 Owner
Projects
. . . . . . None yet
| can get predictive means and variances in 0(NxM) . If we want to predict at the locations of the
observations, we can get means in 0(N) but | haven't worked out how to get the predicted variances in
better than 0(N~2) . | feel like there must be a general 0(N+M) method, but | haven't worked it out yet. Milestone

No milestone

O @@ dfm added the label on Apr 28, 2017

2 participants

| *@ | ericagol commented on Apr 28, 2017 « edited ~ Collaborator ﬁ

@dfm @sivaramambikasaran | think I've figured out how to do prediction (at future times) in O(J*2N +
J(N+M)) for the mean an O(J*2(M+N)) for the variance. However, this doesn't work for interpolation
(i.e. all of the predicted times need to be after the last of the measured times to avoid sign changes in
the absolute values). I've written part of this up (below), but haven't implemented it yet. The current
version works for complex arithmetic; it probably could be made real with a bit more effort.

Semi_separable_celerite_decomposition.pdf

(you can see the LaTeX version in the ShareLaTeX document).

dfm commented on Apr 28, 2017 Owner




limitations

V4 [ V4 °

célérité is restricted to and (in my
implementation) this means with a



summary

célérité provides a method for evaluating GP likelihoods.
This makes GP interence feasible for astronomical surveys.

The class of kernel functions have a



future directions

1. Combine with to make the kernel more
flexible.
2. Extend to for data (e.g.

parallel time series).



long period transiting planets

it all comes together...
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these are (mostly) single transits
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planet star spacecraft detector observation
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VS. H s

| star spacecraft detector observation

VS.

etc.
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& C' & GitHub, Inc. [US] | https://github.com/dfm/peerless w 2 G :

O This repository Pull requests Issues Marketplace Explore

dfm / peerless @Unwatchv 8 % Star 3  YFork 3
<> Code Issues 4 Pull requests 0 Projects 0 Wiki Insights Settings

Single transit events in Kepler Edit

Add topics

D) 676 commits I 5 branches © 0 releases 22 3 contributors s MIT

Branch: master v New pull request Create new file @ Upload files = Find file Clone or download ~
ﬁ dfm Merge pull request #28 from ericagol/master = Latest commit 311aae3 on Mar 26, 2017
B8 document Merge remote-tracking branch 'upstream/master’ a year ago
B8 pbs updated candidate list 2 years ago
BB peerless fixed window function model 2 years ago
BB prediction addressed referee point (2) 2 years ago
Bl results fixed window function model 2 years ago
BB scripts Merge branch 'master' of https://github.com/dfm/peerless 2 years ago
£) .gitignore adding wolfgang MR samples 2 years ago
£] KO1870.01_rho-prior.pdf added documents, period estimate for e=0 a year ago
=) LICENSE readme 2 years ago
E] README.rst Another link typo 2 years ago
E) environment.yml adding conda env 2 years ago
£ ms_revised.pdf added documents, period estimate for e=0 a year ago
E) peerless.pdf added documents, period estimate for e=0 a year ago
E) setup.py install all scripts 2 years ago

README.rst
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& C' @& GitHub, Inc. [US] | https://github.com/dfm/peerless/pull/3 W 2 5
O This repository Pull requests Issues Marketplace Explore
L] dfm / peerless @Unwatch 8  WStar 3  YFork 3
Code Issues 4 9 Pull requests 0 Projects 0 Wiki Insights Settings

BEB predictions and catalog simulation scripts et

I Gl timothydmorton merged 13 commits into dfm:master from timothydmorton:master on Mar 3, 2016

(54 Conversation 2 -0- Commits 13 Files changed 6 +1,640 -321 EEEE
#7;" timothydmorton commented on Feb 14, 2016 Collaborator Reviewers
W /]
No reviews

Finished the BEB predictions too. Seems to predict about ~1 in the right depth range. I'm now running
100x catalog simulations of both EB and BEB, to get a better sense of things. Assignees

No one—assign yourself

N timothydmorton added some commits on Feb 13, 2016

o _ _ _ Labels
ﬁ BG_BinaryPopulation implemented 647e7d1
~ None yet
B4, BG demo checked 8a56d74
ﬁ added EB simulation script 835b861 .
Projects
B4, BEB simulation script c4ecb87  \one vet
& bug fixed 2aed875
B4, added population analysis notebook 2dfébce  Milestone
No milestone
#f;” timothydmorton commented on Feb 15, 2016 Collaborator
& Notifications
Money figures: «4x Unsubscribe
25

You're receiving notifications

because you commented.
20F

2 participants

i

15¢

10

ar of simulations
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& C' @& GitHub, Inc. [US] | https://github.com/dfm/peerless/issues/18 w < | 'Ea
O This repository Pull requests Issues Marketplace Explore
L] dfm / peerless @Unwatch 8  wStar 3  YFork 3
Code @® Issues 4 Pull requests 0 Projects 0 Wiki Insights Settings

Rise in planet frequency? it

ericagol opened this issue on Jul 20, 2016 - 23 comments

ericagol commented on Jul 20, 2016 « edited ~ Collaborator Assignees

No one—assign yourself
I'm still under the impression from Figure 5 that there is a deficit of planets inside 10*3 days. Take the
octave in period from ~500 to 1000 days with planets > 2 R_earth. There are ~9 planets in that bin (and Labels
most piled up near ~500 days), versus ~8 in the octave from 1000 to 2000 days. Given that the longer

. . - . . . .. N t
periods have a transit probability that is smaller by ~2*{3/2} ~ 2.8, this would imply a rise in dN/d In P oneve
beyond the snow line, which seems like an potentially exciting/profound result! Granted this is
comparing apples to oranges given that the completeness corrections will be different in these bins as Projects
they were found by different searches, but | would expect this to also enhance the discrepancy at None yet
longer period due to the severe S/N cut you made.

. . . . . . .. Milestone
To be fair, your prior goes down to only ~700 days, so if | more finely divide this into half-octaves, then
from ~700 to 1000 days there is ~1 planet, while from 700 to 1400 there is 3, and from 1400-2000 No milestone
there are 5. So, even within your survey alone there appears to be a rising frequency per log period!
This could perhaps be a short Nature letter. Notifications
4x Unsubscribe

dfm commented on Jul 21, 2016 Owner You're receiving notifications

because you were mentioned.

Here is the plot that shows what you're describing:
3 participants

20 KIgan,

|E| Lock conversation

“ 1R L -



REVISITING THE LONG-PERIOD TRANSITING PLANETS FROM KEPLER

MIRANDA K. HERMAN', WEI ZHU (f11$)°, AND YANQIN WU (EIEK)!

L Astronomy & Astrophysics, University of Toronto, 50 St. George St., Toronto, ON M5S 3H4, Canada; herman@astro.utoronto.ca and
2Canadian Institute for Theoretical Astrophysics, University of Toronto, 60 St. George St., Toronto, ON M5S 3HS8, Canada

Draft version March 7, 2019

reference; arXiv:1901.01974



tess

3.2M / 500k targets
30 min / 2 min cadence

30 day baseline
15,000 planet candidates

*note: all numbers are predictions
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references

gradient-free MCMC in Python
gradient-based inference for time series
simple Gaussian processes in Python
fast & scalable Gaussian processes
long period transiting exoplanets

dan foreman-mackey
cca@flatiron dfm.io github.com/dfm @exoplaneteer






fast/accurate light curve models

work led by (Flatiron)
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O github.com/rodluger/starry

@ rodluger.github.io/starry
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change code

woot; limb dark module added

ﬂ rodluger committed 26 days ago
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STARRY: ANALYTIC OCCULTATION LIGHT CURVES

RODRIGO LUGER, % * ERIC AGOL,*? | DANIEL FOREMAN-MACKEY,!
DaviD P. FLEMING,%? JACOB LUSTIG- YAEGER,*? AND RUSSELL DEITRICK® ?

1 Center for Computational Astrophysics, Flatiron Institute, New York, NY
2 Virtual Planetary Laboratory, University of Washington, Seattle, WA

3 of Asty University of i Seattle, WA

4 Center for Space and Habitability, University of Bern, Bern, Switzerland

ABSTRACT

We derive analytic, closed form, numerically stable solutions for the total flux re-
ceived from a spherical planet, moon or star during an occultation if the specific
intensity map of the body is expressed as a sum of spherical harmonics. Our ex-
pressions are valid to arbitrary degree and may be computed recursively for speed.
The formalism we develop here applies to the computation of stellar transit light
curves, planetary secondary eclipse light curves, and planet-planet/planet-moon oc-
cultation light curves, as well as thermal (rotational) phase curves. In this paper we
also introduce starry, an open-source package written in C++ and wrapped in Python
that computes these light curves. The algorithm in starry is six orders of magnitude
faster than direct numerical integration and several orders of magnitude more precise.
starry also computes analytic derivatives of the light curves with respect to all input
parameters for use in gradient-based optimization and inference, such as Hamiltonian
Monte Carlo (HMC), allowing users to quickly and efficiently fit observed light curves
to infer properties of a celestial body’s surface map. ©) & ®

Keywords: methods: analytic — techniques: photometric

rluger@fiatironinstitute.org
Flatiron Fellow

1 Guggenheim Fellow
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£) test_high_order_Id.py
) test_light_travel.py
[E) test_mcmc.py

£) test_memory.py

% starry

Installatios

Examples & tutorials
Proofs

Python API

Github

Submit an issue
Upcoming features

Read the paper
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[E) test_phasecurves.py
[E) test_rotation.py
) test_slices.py

[E) test_sturm.py

starry » Documentation

Documentation

Welcome tothe starry documentation. The starry code package enables the computation of light

curves for various applications in astronomy: transits and secondary eclipses of exoplanets, light
curves of eclipsing binaries, rotational phase curves of light curves of planet-planet and
planet-moon occultations, and more. By modeling celestial body surface maps as sums of spherical

harmonics, starry does all this analytically and is therefore fast, stable, and differentiable. Coded in

C++but wrapped in Python, starry is easy to install and use. Check out the links below for
examples, tutorials, detailed documentation of the API, and more.

Installation
Changelog
Examples & tutorials
Proofs

Python API

Github

+ Submit anissue
Upcoming features
Read the paper

Next©

© Copyright 2018, Rodrigo Luger.
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Figure 9. Sample analytic exoplanet system light curves computed with starry. Top: a hot
Jupiter transiting a Sun-like star. The planet’s map is a simple dipole, with the hotspot offset Branch: v0.2.2 v | starry / tex / figures / system.py Find file | Copy path
15° from stellar noon; the offset in the secondary eclipse from the peak of the phase curve is
apparent. Bottom: a two-planet system with more complex surface maps. In addition to
transits and secondary eclipses, a few planet-planet occultations are visible (e.g., the very

short events at ¢ = 0.1 and t = 3.4 days).

u rodluger several tweaks; fixed bug in and 67ffe47 on Sep 19

1 contributor

109 lines (87 sloc) 2.23 KB Raw Blame History [J ¢ [

""""Exoplanet system example."""

from starry.kepler import Primary, Secondary, System
import matplotlib.pyplot as pl

import numpy as np

# Setup

fig, ax = pl.subplots(2, figsize=(12, 6))
fig.subplots_adjust(hspace=0.35)
ax[0].set_ylabel('Normalized flux', fontsize=16)
ax[0].set_xlabel('Time [days]', fontsize=16)
ax[1l].set_ylabel('Normalized flux', fontsize=16)
ax[1l].set_xlabel('Time [days]', fontsize=16)

14 ax[0].set_xlim(@, 20)

15 ax[1].set_xlim(@, 20)

: time = np.linspace(@, 20, 10000)

1 # System #1: A one-planet system with a hotspot offset
y E

# Instantiate the star
star = Primary()

credit: Rodrigo Luger




where 3 Fi (a, b; c; x) is the generalized Hypergeometric function. These functions can
alternatively be expressed as series in k2 by expanding (1 — k*w)~/2 as a series in
k?w, and then integrating each term over w, giving

- 25 — D! |
IU:2k1+2v ‘ ( k2 7
;233'!(2]'4—2@—!—1)( Y

3T 1 gn s~ (27 — DON(2j+ 20— D1, .
= kY , . # (D42
: 4 g 2211 51(5 + v + 2)! (F) (#(D42)

7=0 ] rodluger / starry @Unwatchv 7 % Star 27  YFork 6
<> Code (1) Issues 19 I} Pull requests 1 I'll Projects 0 Wiki i1 Insights 1} Settings

Branch: v0.2.2 v = starry / docs / proofs / IJSeries.ipynb Find file = Copy path

‘ n rodluger reorganizing 36e2cc3 on Jul 6

1 contributor

192 lines (191 sloc) 5.49 KB <> Raw Blame History [J # [

Series solution to 7. and s.

Validation of the analytical solution to the integrals

Let's import some stuff:

In [1]: import numpy as np
from scipy.integrate import quad
import matplotlib.pyplot as pl
from mpmath import hyp2fl, fac2
from sympy import factorial
$matplotlib inline
epsabs=le-12
epsrel=le-12

Let's define the numerical form of the integrals:

In [25]: def I(v, k):
"""Return the integral I, evaluated numerically.
kappa = 2 * np.arcsin(k)
func = lambda x: np.sin(x) ** (2 * v)
res, err = quad(func, -0.5 * kappa, 0.5 * kappa, epsabs=epsabs, epsrel=epsrel)
return res

"

def J(v, k):
"""Return the integral J, evaluated numerically.
kappa = 2 * np.arcsin(k)
func = lambda x: np.sin(x) ** (2 * v) * (1 - k ** (-2) * np.sin(x) ** 2) ** 1.5
res, err = quad(func, -0.5 * kappa, 0.5 * kappa, epsabs=epsabs, epsrel=epsrel)
return res

"

Let's also define our analytical infinite series solutions:

credit: Rodrigo Luger




