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REACH: High-Dispersion Specirum for High-Contrast Instruments

High-Dispersion Coronagraphy on Subaru

Kawahara, Murakami, Matsuo, and Kotani (2014) ApJS | Proposal £RIREL
Late 2014: Started to develop such an instrument 3
with SCExAO team (Guyon, Lozi, Jovanovic etc) 2
and IRD (Kotani, Vievard etc) on Subaru 1

Late 2020: available for science use (open use)
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REACH (Subaru): v, J, H R=100,000 (SCEXAO + IRD)
KPIC (Keck): K,L,M  R=30,000 (NIRSPEC)
HIiRISE (VLT): Under construction H, K, ... R=100,000 (SPHERE + CRIRES+)
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exojax auto-differentiable specirum model

Atmosphere Macrophysics Bayes inference
Physical quantities ( ) _
Temperature Profile Gravity WN n
Molecular abundance Micro Turbulence
Spectrum Model Likelihood & prior

- J

Noise model
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Gradient-based Efficient MCMC Sampling Auto-Gradient + GPU

U = - Log (posterior)

Y -,
Google

Oz (log cos x sin x + sin x)

D"5/4 (HMC) D”2 (random MCMC)
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f(x) =|z| + sinx

import jax.numpy as jnp

def f(x):

return jnp.abs(x) + jnp.sin(x)

from jax import grad

df=grad (f)

df (1.) # — DeviceArray(1.5403023, dtype=float32)
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Atmosphere Macrophysics Bayes inference
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Differentiable Voigt Profile

from exojax.spec import voigtone
from jax import grad, vmap

dvoigt nu=vmap(grad(voigtone,argnums=0),(@,None,None),0) #derivative by nu
dvoigt beta=vmap(grad(voigtone,argnums=1),(@,None,None),0) #derivative by beta

— Vv.B=Lly.=2) Algorithm 916: Zaghloul & Ali (2011)
aVwB=L1y =2
= $VIv.f=1l.y.=2)
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Modified Discrete Integral Transform (MODIT)

With van den Bekeroma and Pannier
In log wavenumber, a Doppler width is common
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Methane spectrum from scratch (exomol) using my laptop
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Differentiable Radiative Transfer

F, = sum(Q * cumprod(T, axis=0), axis=0)

0 Fo=To(Ti(Ta(- - Tn-2(Tn-1Fp+ONn_1)+On.-2) + -+ Q2)+ Q1)+ Qy =@ -q

Qﬂ.

No scattering ! )

|
n FHZEFTL—I—I—{_(]-_?;])SH}
n+1

b = 0T ToThee T T o ToTio T )
q — (QD‘QI'-QN)I

T, =2E3(AT,)
=(1—Ar,)exp (—Ar,) + (A'rn)2E1(A7‘n)



Avuto-differentiable Rotation Kernel and Instrumental Profile
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I ENumPyro

—0.5 1

—1.0 A +

—1.5 4 +

> 0.0-

import jax.numpy as jnp
import numpyro

import numpyro.distributions as dist

def model(x,y):
numpyro.sample('phase', dist.Uniform(-1.0%jnp.pi, 1.0*jnp.pi))

phase

sigma = numpyro.sample('sigma', dist.Exponential(l.))

mu=jnp.sin(x+phase)

numpyro.sample('y', dist.Normal(mu, sigma), obs=y)

ZOHIMPEDND & DI, HERSMEIE dist TIREINZE D%, numpyro @D sample NTEHET D Z &IZ&
DHERZEHE U THONDG, EOT— X y OEHFIERN (4.1,4.2) 23

y ~N (sin(z + ¢), o) (4.5)

CEIEINSZ LD D2, XTIN%E numpyro @ HMC-NUTS (22807 5,

from jax import random

from numpyro.infer import MCMC, NUTS
rng_key = random.PRNGKey (0)

rng_key, rng_key_ = random.split(rng_key)

num_warmup, num_samples = 1000, 2000

kernel = NUTS(model)
mcmc = MCMC(kernel, num_warmup=num_warmup, num_samples=num_samples)

mcme . run(rng_key_, x=x, y=y)

mcme . print_summary ()




Demonstration using Luhman 16A as observed by CRIRES
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Line diagnostics of Temperature

normalized flux
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residual residual
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Figure 11. Prior (left) and posterior (right) sampling of
the layer-by-layer temeprature model (green lines). The solid

black lines indicate the best-fit power law model in Section
5.
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Gravity from line broadening

ExoMol vs HITEMP
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Figure 9. Comparison of the CO cross section between ""10.0 20.0 30.0 40.0 50.060.0
HITEMP2019 and ExoMol/Li2015 (default: constant de- mass (M)
fault values of a,ef = 0.07 and ntexp = 0.5 in the defi-
nition file, .broad: broadening parameters in the “.broad” Figure 10. The mass and radius inferred using two dif-
file). We assume 7 = 1300 K, P = 1 bar (Pair = 0.99 bar ferent models for CO (ExoMol using the “.broad” file and
and P..¢ = 0.1 bar for HITEMP2019). HITEMP2019). The astrometric mass is shown in the blue

shaded region (Lazorenko & Sahlmann 2018). The dashed
lines show the iso—gravity lines.
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